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Abstract
The discovery of efficient and sustainable carbon-based nanotechnologies to solve both the
scarcity of drinking water and global energy crisis has become a paramount task in the last decades.
Owed to the fast population growth and industrialization of the modern society, access to potable
water and clean energy technologies is becoming very hard around the globe. Water pollutants
have become a serious threat to the environment and ecology because of their toxic nature.
Parallelly, the current hydrocarbon-based fuel industries are generating high levels of
contamination across the planet, making imperative the development of cleaner energy
technologies. In this regard, the utilization of carbon-based nanomaterials could facilitate the
development of effective renewable nanotechnology that can provide potential solutions towards
the wastewater treatment and clean energy technologies. This dissertation presents the synthetic
routes to design novel carbon-based nanoheterostructures as well as their characterization and
functional evaluation for water treatment processes and energy conversion reactions.
In chapter 2, the synthesis and characterization of an ecofriendly, cheap and efficient
biosorbent, sulfonated spent coffee waste (SCW-SO 3 H) for water remediation is reported. SCWSO 3 H was synthesized through introducing sulfonic acid polar functionalities over the polymeric
biomass (cellulose and lignin) of the spent coffee waste (SCW) by a simple, facile and versatile
method. ICP-OES, SEM-EDX, FT-IR, XPS, TGA, Raman and UV-Vis spectroscopy were used to
analyze the developed SCW-SO 3 H biosorbent and its adsorption capacity towards the removal of
different environmental pollutants. The chemically engineered biosorbent showed excellent
pollutant removal capacity of 812 mg/g, 462 mg/g and 302 mg/g toward methylene blue,
tetracycline and Cr (VI), respectively. The present study can provide a platform in developing new
generation of eco-friendly, cost-effective and efficient biosorbent for environmental remediation.
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In chapter 3, the synthesis and development of nickel and copper-based nanocatalysts for
NaBH 4 -mediated reduction of environmental pollutants is reported. To achieve this, metallic Ni
and Cu nanoparticles-embedded carbon sheets, namely as C@Ni and C@Cu, are synthesized
through annealing of Ni-BDC and Cu-BDC metal-organic frameworks (MOFs) under an argon
atmosphere at 600 oC. Their catalytic performance was tested for the catalytic reduction of
environmental pollutants such as 4-nitrophenol, methyl orange and methylene blue. The obtained
results from the catalytic studies are comparable with previously reported many other noble metalbased and transition metal-based nanocatalysts. Moreover, the catalytic performance of the
developed catalysts dropped slightly (<3-6%) upon five times of recycling and reusing, showing
the highly stable nature of the developed magnetic C@Ni and C@Cu nanocatalysts.
In chapter 4, a facile, green, cheap, scalable and environmentally benign synthetic
methodology to fabricate a hierarchically porous carbon-encapsulated transition metal-based
M@TP nanocatalysts (M= Cu, Ni, Fe and Co) using commercial tissue paper as a template is
reported. The morphology, crystalline structure, chemical composition and textural properties of
the as-synthesized M@TP nanocatalysts were thoroughly characterized. X-ray diffraction analysis
confirmed the pure metallic phase of the synthesized nanocatalysts, whereas the transmission
electron microscopic analysis revealed that the metal nanocatalysts are encapsulated inside the
porous carbon matrix. The catalytic activity of the M@TP nanocatalysts was thoroughly
investigated towards the degradation of Congo red dye from water via peroxymonosulfate
activation. Remarkably, the catalytic studies revealed that the Co@TP-6 nanocatalyst was so far
the most active catalysts for the degradation of CR allowing the degradation of 97.68% of CR in
30 min with a higher reaction rate constant of 0.109 min-1. Quenching tests suggested that the
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sulfate radicals are the dominant reactive species in the catalytic degradation process. Moreover,
the Co@TP-6 nanocatalyst is very stable with a minimal activity loss after four cycling runs.
In chapter 5, the synthesis of bimetallic nickel-copper (NiCu) alloy nanoparticles confined
in a sp2 carbon framework that exhibits tri-functional catalytic properties towards hydrogen
evolution (HER), oxygen reduction (ORR) and oxygen evolution (OER) reactions is reported. XPS
analysis revealed that the binding energy for Ni 2p 3/2 band of the Ni0.25 Cu 0.75 /C nanoparticles was
shifted ~three times compared to other bimetallic systems and this was correlated to the high
electrocatalytic activity observed. Interestingly, the bimetallic Ni0.25 Cu 0.75 /C catalyst surpassed
the OER performance of RuO 2 benchmark catalyst exhibiting a small onset potential of 1.44 V vs
RHE and an overpotential of 400 mV at 10 mA·cm-2 as well as the electrochemical long-term
stability of commercial RuO 2 and Pt catalysts and kept at least 90% of the initial current applied
after 20000s for the OER/ORR/HER reactions. This study reveals significant insight about the
structure-function relationship for non-noble bimetallic nanostructures with multifunctional
electrocatalytic properties.
In chapter 6, the synthesis of a new class of hybrid 0D-2D heterostructures comprised of
boron carbon nitride nanosheets (BCN NSs) and fullerene molecules (C 60 /F) that exhibit metalfree electrocatalytic properties for the hydrogen evolution/oxidation reactions (HER/HOR) and the
oxygen evolution/reduction reactions (OER/ORR) is reported. The nanohybrid supramolecular
material with 10 wt% of F in BCN NSs (10% F/BCN) exhibited the largest Raman and C1s binding
energy shifts in XPS, which were associated with greater cooperativity interactions and enhancing
the ET processes at the F/BCN interface. The 10% F/BCN showed the highest tetrafunctional
catalytic performance, outperforming the OER catalytic performance of commercial RuO 2
catalysts with a η 10 of 390 mV and very competitive onset potential values of -0.042 V and 0.92
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V vs RHE for HER and ORR, respectively, and a current density value of 1.47 mA·cm-2 at 0.1 V
vs RHE with an ultralow ΔG H* value of -0.03 eV towards the HOR process. Additionally, the 10%
F/BCN catalyst was also used as both cathode and anode in a water splitting device, delivering a
cell potential of 1.61 V to reach a current density of 10 mA·cm−2.
In chapter 7, a simple MOF-derived synthetic strategy to fabricate low-dimensional (LD)
nanohybrids formed by 0D-ZrO 2 NPs and heteroatom-doped 2D-carbon nanostructures is
reported. The 2D platforms controlled the electronic structures of interfacial Zr atoms, thus
producing an optimized electron polarization for BCN/ZrO 2 nanohybrid. XPS and theoretical
studies revealed the key role of the synergistic couple effect of B and N on the interfacial electronic
polarization. The BCN/ZrO 2 showed excellent bifunctional electrocatalytic activity, delivering η 10
of 301 mV and E 1/2 of 0.85 V vs RHE for OER and ORR, respectively, which are comparable to
the state-of-the-art LD nanohybrids. This work establishes a new route to fabricate highly efficient
multifunctional electrocatalysts by tuning the electronic polarization properties of 0D-2D
electrochemical interfaces.
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Chapter 1: Multifunctional nanocatalysts for water treatment and energy conversion
technologies
1.1 INTRODUCTION
The advances of nanoscience and nanotechnology constitute crucial steps towards the
faster development of catalysis science.1 As a paramount part of nanocatalysis, the construction of
metal nanoparticles with attractive physical-chemistry properties have experimented a prosperous
growing in last decades.2 It is worth to note that metal nanoparticles exhibit high surface-to-volume
ratio, rich active surface atoms and unique electronic structures, which plays a decisive role on the
catalysis at the interfacial regions.3, 4 Owing to have excellent properties, the nanomaterials have
drawn significant attention in the field of catalysis, adsorption, photocatalysis, electrocatalysis,
energy storage, photothermal therapy and drug delivery etc.3-8 Nonetheless, metal nanoparticles
don’t show a thermodynamically stable behavior owed to their high surface energy.3 Therefore,
encapsulating metal nanoparticles in carbon-based nanoshells or nanopores is expected to
physically isolate the metal nanoparticles thus preventing the aggregation and improving the
catalytic rates.3, 9 The encapsulation of the metal nanoparticles can include various classes of
carbon-based nanomaterials such as graphene, carbon nanotubes, metal−organic frameworks and
organic cages, which provide not only a physical protection barrier that assure ultrahigh long-term
stability under electrochemical conditions, also a very favorable electron gathering at the
metal/carbon electrochemical interfaces enabling the decrease of the uphill energetic states of the
intermediate catalytic species and favoring the overall catalytic activity.10
1.2 POTENTIAL OF NANOCATALYSTS FOR WATER TREATMENT TECHNOLOGIES
Water is a key resource for the existence of life on the planet and therefore, the access to
the clean water is crucial for the humankind and the ecosystem. Nevertheless, the quality of the
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accessible water has been influenced negatively due to the continuously increasing population,
increasing urbanization, rapid industrialization and careless utilization of the natural resources etc.
during the last decades.11, 12 A broad range of water pollutants such as textile dyes, heavy metals,
antibiotics, polycyclic aromatic hydrocarbons, polychlorinated biphenyls, perfluorooctane
sulfonate and perfluorooctanoic acid etc. are usually found in the wastewater discharge that have
adverse effects on human and ecology.13-16 In recent times, nanomaterials have drawn great
attention in the remediation as well as degradation of these perilous organic/inorganic
contaminants owing to have some exceptional physicochemical characteristics such as their large
specific surface area, high physical/chemical/thermal stability, strong electron transfer ability,
significant chemical reactivity and high catalytic activity.17,

18

Nanostructured materials, for

instance, carbon based nanoadsorbents, metallic nanoparticles, metal oxide nanoparticles,
nanomembranes, photocatalysts among others. offer promising alternatives for novel wastewater
treatment technologies, that can be adapted well to the customer-specific needs.19 Majority of the
nano-engineered materials are well-suited with the existing water treatment technologies and
thereby, can be simply integrated in the existing set-up. In this regard, they are recently employed
to address different environmental problems such as water treatment, environmental monitoring
and sensing etc. and most importantly, they are found to be an excellent candidate, since the
reactive nanoheterostructures have potential features which make them more effective to remove
as well as convert toxic contaminants into toxic-free matters.20 Although, the nanostructured
materials such as Pt, Au, Pd, Ag, Cu, Ni, TiO 2 , Fe 3 O 4 , Co 3 O 4 etc., are very effective, constitute
lower energy and require lesser time but these systems are very expensive as well as they can make
secondary pollution due to their leaching after use in water treatment process.5, 21-24 Furthermore,
biomass-based adsorbents also have been extensively used for wastewater treatment.25, 26 But, their
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inferior performance makes a big room for researchers to find a way for improving their removal
performance towards organic and inorganic pollutants, Therefore, these materials are not used yet
in the wastewater systems on larger scale basis. In this context, there is an urgent need to engineer
these nanomaterials that must be very efficient, higher activity, green, easy to handle and ecofriendly. A significant amount of research has been going on to overcome the above-mentioned
problems. It was found that the immobilization of these nanoparticles on the solid support materials
such as alumina, mesoporous silica, porous carbon etc. could be a great alternative in this context.27
However, the porous carbon matrix is found to the best in terms of the solid support material
because of their higher surface area, lower density as well as excellent conductivity.28 Numerous
techniques such as hard-templating, explosion and chemical vapor deposition etc. have been
already reported to prepare porous carbon encapsulated metal nanoparticles. However, most of the
techniques involve many steps, higher energy consumption, sophisticated instruments etc.29
Therefore, it remains still challenging to find a simple and low-cost synthesis method for
synthesizing porous carbon embedded nanoparticles. This dissertation presents numerous lowcost, scalable, novel and exciting techniques for the preparation of advanced functional
nanomaterials with higher number of catalytically active surfaces and their potential applications
in the adsorptive, catalytic reduction and oxidative degradation water treatment processes. Finally,
these methods have been investigated intensively to remove or degrade organic and inorganic
contaminants from water.
1.3 POTENTIAL OF NANOCATALYSTS FOR ENERGY CONVERSION TECHNOLOGIES
The development of clean energy technologies is of top priority in modern society due to
the depletion of traditional fossil fuels and the negative impact on nature of the burning dirty
energy.30-32 As a clean energy carrier, hydrogen is a promising renewable alternative because of
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its high gravimetric energy density, zero carbon emissions and earth-elemental abundance.33 One
of the most attractive options to produce hydrogen is to use an overall water splitting device to
electrochemically split the water according to the following equation: 2H 2 O = O 2 + 2H 2 .34 The
hydrogen obtained by this reaction can be stored and then oxidized to release energy and regenerate
water, being able to act as a unique renewable fuel. The discovery of new nano/electro-catalysts
to boost the electrocatalytic rates for the generation of hydrogen and/or oxygen as well as for
oxygen reduction reactions is of paramount importance to develop the upcoming generation of
electrochemical water splitting and zinc-air battery devices.35, 36 Noble metals have been used as
the state-of-the-art catalysts for these electrocatalytic reactions, but their scarcity in nature and
sluggish kinetics at alkaline environments are not suitable for practical catalytic applications. The
development of earth-abundant catalysts with economic prices and advanced catalytic
performances has been the principal objective of many researchers in the last decades.37 In order
to make the HER electrochemical process more energetically favorable and reduce the overall
costs, a myriad of transition metal or metal-free based low-dimensional platforms have been
proposed.38 39 With dimensional confinement, these low-dimensional nanostructures exhibit more
exposed surface-facet atoms and in turn, higher atom utilization, thus providing ideal platforms
for engineering physical and chemical properties at the atomic level. Remarkably, the interfacial
engineering of the nanoarchitectures can synergistically optimize active sites and kinetic processes
as well as regulate both the electrical conductivity and the adsorption free energy of the
intermediate catalytic species. Additionally, it promotes enhanced catalytic activities of inorganic
and/or organic low-dimensional nanomaterials and paves the way for the development of superior
electrochemical energy conversion systems and water splitting devices.40 Particularly, the
assembly of low-dimensional nanomaterial units to form vdW heterostructures benefits the
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formation of highly active interfacial active sites for advanced electrocatalysis owed to the
enrichment of new modes of electronic redistribution at the electrochemical interfaces, which
potency the thermodynamics of hydrogen and/or oxygen adsorption at the nanometer level.41
1.3.1 Hydrogen evolution reaction
Hydrogen evolution reaction (HER) is a multi-step electrochemical phenomena that
produce molecular hydrogen at the interfacial area of cathode electrodes of the energy-related
devices. The most widely accepted HER reaction mechanism in acid and alkaline environments is
summarized in the following catalytic steps: (a) [Volmer step: H+ + M + e− ⇄ MH ads

(in the acid media) / H 2 O + M + e− ⇄ MH ads + OH− (in the alkaline media)]; (b) [Heyrovsky step:
MH ads + H+ + e− ⇄ M + H 2

(in the acid media) / MH ads + H 2 O + e− ⇄M + H 2 + OH−

(in the alkaline media)] and (c) [Tafel step: 2MH ads ⇄ 2M + H 2 ], where MH ads represents the state
that a hydrogen atom chemically adsorbs on an active site of catalysts (M).40, 41 As shown by the

above equations, these are the most energetically favorable catalytic steps for the electrochemical
generation of hydrogen in both acidic and alkaline media. The first catalytic step, named Volmer
step, represent an electrochemical hydrogen adsorption in which a proton-coupled electron transfer
process is taking place at the electrode surfaces. It is followed either by an electrochemical
desorption process based on the electron-mediated reaction of an adsorbed hydrogen atom with
another proton to produce molecular hydrogen (Heyrovsky step) or by the combination of two
adsorbed hydrogen atoms to generate molecular hydrogen (Tafel step). The rate-determining step
can be determined by the Tafel slope value from the HER polarization curve. Usually, the Tafel
slope values under thermodynamic standard conditions are 120, 40, and 30 mV.dec−1 for the
Volmer, Heyrovsky, and Tafel reactions, respectively. Additionally, the calculated Tafel slope
value also provides a deep understanding into the possible reaction pathway, which directly
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depends on the electronic structure of the catalytic material.42 Up to now, the most successful HER
catalysts are noble materials such as Pt, Pd and Ru. They drive hydrogen evolution via the Volmer–
Tafel mechanism, being the Tafel step the rate-controlling step (30 mV.dec−1). Despite their
advantages as HER catalysts, the reaction is more sluggish under alkaline media due to the
reversible adsorption of H atom formed from the dissociation of water molecules at the catalytic
surfaces. It is worth to point out that a good HER catalyst should have an intermediate M-H bond
energy sufficiently strong to bind adsorbed H atom but also weak enough to make sure of the
breakage of M-H during H 2 release (Sabatier principle). Among the HER catalysts, Pt-based
catalysts are very close to the optimum values towards the ideal thermodynamic for hydrogen
adsorption. The heterostructure materials have paved the way towards the development of novel
electrocatalysts. The strong coupling of different active components provides a promising
approach to facilitate both the synergistic effects and the improvement of the electron-transfer rate
at the electrochemical interfaces, thus boosting the HER electrocatalysis. Among the most exciting
examples can be found the 0D-2D vdW nanohybrids that combines the remarkable accepting
electronic properties of 0D nanomaterials such as fullerenes and the suitable electronic properties
of 2D materials.41,43
1.3.2 Oxygen evolution reaction
Oxygen evolution reaction (OER) constitutes a multistep electrochemical process of the
oxidation of water molecule to molecular oxygen, which exhibits four proton-coupled electron
transfers and the O-O bond formation and requires a significantly large overpotential to achieve
the catalytic reaction. Precious metal catalysts such as Ir- and Ru-based nanomaterials exhibit
outstanding OER catalytic activities with both small Tafel slope and low overpotential values, thus
lowering the cell voltage of electrolyzer devices.44 Nonetheless, their high cost, low abundance
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and poor stability reduce their scale-up application, giving rise to a fascinating race towards the
fabrication of cost-effective and stable OER electrocatalysts. Earth-abundant heterostructure
catalysts have qualified as attractive alternatives for OER. The synergistic interfacial interactions
of transition metal oxides (TMOs)-carbon heterostructures have appeared as an incredibly strategy
to improve the overall electrocatalytic rates via boosting the number of accessible catalytic sites
as well as the electron transfer across the interfacial surfaces.
OER is composed of several catalytic steps and the mechanism is associated with the
structural properties of the electrode surface. The most recognized reaction pathways for OER
includes four consecutive proton and electron transfer steps, which are shown in the following
equations: [Acidic media: ∗ + H 2 O → ∗OH + H+ + e−; ∗OH → ∗O + H+ + e−; followed by either

2∗O → 2∗ + O 2 + 2e− or ∗O + H 2 O → ∗OOH + H+ + e−; ∗OOH → ∗ + O 2 + H+ + e−] and [Alkaline

media: ∗ + OH− → ∗OH + e−; ∗OH + OH− → H 2 O + ∗O + e−; followed by either, 2∗O → 2∗ + O 2 +
2e− or ∗O + OH− → ∗OOH + e−; ∗OOH + OH− → ∗ + O 2 + e−].45 As it is displayed by the above

equations, the OER process is exhibit more catalytic steps than HER, producing various OER
intermediates, including HO*, O*, and HOO* in both acidic and alkaline electrolytes. To get indepth insights on the catalytic performances of OER electrocatalysts, crucial electrocatalytic
parameters such as overpotential (η) at a certain current density, Tafel slope, exchange current
density (j 0 ), turnover frequency (TOF), and long-term electrochemical stability, has been
established.46 The overpotential and exchange current density can be acquired from the
polarization curves and Tafel slopes, respectively. The overpotential represent the difference
between the experimental potential to trigger the water splitting and the theoretical potential.
Therefore, the larger the overpotential needed to reach the appointed current density by a catalyst,
the lower the catalytic efficiency will be. Tafel slope and j 0 , derived from Tafel equation (η
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= a + b log j, where b is the Tafel slope, j 0 is associated to the rate of electron transfer under
equilibrium condition) in the linear region of a Tafel plot, are known as two key kinetic parameters.
TOF, defined as the number of the oxygen molecules generated per active site per unit time, is
considered as the most important parameter to evaluate the efficiency of an electrocatalyst. TOF
is useful for comparing performance of the similar active materials, which can be calculated by
the following equation: TOF = jA/4nF, where A is the area of the working electrode, and n is the
number of moles of the active materials. Long-term electrochemical stability is also a crucial
descriptor for evaluating an electrocatalyst in terms of practical application. A common
methodology to investigate the stability is based on the measure of the current or voltage variation
with time under constant potential/current. Briefly, among the desirable properties of OER
catalysts can be found with smaller Tafel slopes, higher j 0 , lower overpotential and larger TOF
values as well as ultrahigh long-term electrochemical stabilities.
1.3.3 Oxygen reduction reaction
The mechanism of oxygen reduction reactions (ORR) has been extensively investigated
experimentally and computationally. In ORR, oxygen (O 2 ) is reduced to water (H 2 O) involving
four protons and four electrons [O 2 + 4(H+ + e −) → 2H 2 O].47 The O 2 can be directly reduced to
H 2 O either through a direct four-electron pathway or through an indirect two-electron reduction
pathway in which O 2 first reduces to hydrogen peroxide and then transforms into H 2 O, thus
following the catalytic routes described in the OER chapter. On the catalytic surface of Pt
benchmark catalysts, ORR usually adopts the four-electron pathway. It is also well-known that the
four-electron ORR can occur through either a dissociative or an associative pathway. The
dissociation pathway preferentially occurs when the surface binds O 2 strongly or when the oxygen
surface coverage is poor, while the association pathway is favored when the surface O 2 adsorption
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is weak or when the surface oxygen coverage is high. The ORR catalytic activity is wellunderstood under the Sabatier principle, which states that the interaction between the oxygen
species and the catalyst surface needs to be adjusted to achieve the best ORR activity. If the surface
binds oxygen too strongly, the ORR kinetics will be limited by the electron/proton transfer to the
*O and *OH intermediate catalytic species, while weak binding reduces the electron/proton
transfer in the mechanistic scheme.48 The interfacial engineering of low dimensional nanohybrids
has been used as a powerful tool to regulate the adsorption energy values of the oxygenintermediate species generated during the catalytic reaction.
1.4 OBJECTIVES AND CONTRIBUTIONS
The objective of this dissertation is to develop novel synthetic methodologies for carbonbased nanomaterials with potential applications in different wastewater treatment and energy
conversion technologies. Various carbon-based nanomaterials such as functionalized graphitic
carbon from biomass source, metal organic framework derived carbon embedded copper and
nickel nanoparticles, porous graphitic carbon encapsulated transition metal nanoparticles
(Cu/Ni/Fe/Co), porous carbon encapsulated copper nickel bimetallic nanoparticles, low
dimensional boron carbon nitride and fullerene (2D-0D) nanocomposites and transition metal
oxide (ZrO 2 ) on boron, nitrogen co-doped carbon sheet were successfully prepared using facile
and scalable novel synthetic techniques. The above-mentioned first three carbon-based
nanomaterials were employed for different water treatment processes such as adsorption, catalysis
and advanced oxidation processes, respectively to remove and degrade the organic and inorganic
contaminants from water. The rest of the above-mentioned nanomaterials were used as
electrocatalysts for different energy conversion technologies such as hydrogen evolution reaction
(HER), hydrogen oxidation reaction (HOR), oxygen evolution reaction (OER) and oxygen
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reduction reaction (ORR). A short summary of the research works that has been included in this
thesis is given as follows.
A novel method for making sulfonic acid functionalized carbon material (SCW-SO 3 H)
from coffee waste is presented in chapter 2. The as-synthesized SCW-SO 3 H displayed excellent
adsorption properties for removing organic and inorganic pollutants from water. In order to
optimize and maximize adsorption capacity of the developed biosorbent, different variables such
as initial concentration, biosorbent dosage, pH, time and temperature were also evaluated in this
study. It was also found that adsorption of all the adsorbates follow pseudo-second order rate
kinetic and thermodynamic values, ΔH >0 and ΔG <0, showed endothermic nature as well as
spontaneity of the adsorption process.
A novel synthetic strategy for preparing nickel and copper metal organic frameworks,
followed by their successive utilization as a sacrificial template for making carbon encapsulated
nickel and copper nanoparticles is presented in chapter 3. The prepared nanomaterials showed
excellent catalytic activity towards the sodium borohydride mediated catalytic reduction of a wide
range of organic pollutants such as methylene blue, methyl orange and 4-nitrophenol.
A green, sustainable, low cost and scalable methodology for making hierarchically porous
carbon-encapsulated transition metal-based M@TP nanocatalysts (M= Cu, Ni, Fe and Co) is
presented in chapter 4. These as-synthesized nanocatalysts were utilized as Fenton like catalysts
towards the oxidative degradation of organic pollutants such as Congo red dye via
peroxymonosulfate activation. The synergistic interactions between the metal nanoparticles and
porous carbon matrix prevented the agglomeration of the nanoparticles, thereby, boosting their
degradation efficiencies. Additionally, the influence of different critical parameters such as
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nanocatalyst dosage, different initial CR concentrations, PMS concentration, reaction temperature
and different dyes was also evaluated.
The rational design of multi-functional catalysts that use non-noble metals to facilitate the
interconversion between H 2 , O 2 and H 2 O is an intense area of investigation. Bimetallic
nanosystems with highly tunable electronic, structural and catalytic properties that depend on their
composition, structure, and size have attracted considerable attention. A novel synthetic method
for making porous carbon encapsulated bimetallic copper nickel nanoparticles is reported in
chapter 5. These CuNi bimetallic nanoparticles were employed as electrocatalysts for different
energy conversion reactions such as hydrogen evolution (HER), oxygen reduction (ORR) and
oxygen evolution (OER) reactions and displayed outstanding electrocatalytic performance towards
these reactions. The electrocatalytic functions of the NiCu nanoalloys were experimentally and
theoretically correlated with the composition-dependent local structural distortion of the bimetallic
lattice at the nanoparticle surfaces. Our study demonstrated a downshift of the d-band of the
catalysts that adjusts the binding energies of the intermediate catalytic species.
The development of low-dimensional (LD) supramolecular materials with multifunctional
electrocatalytic properties has sparked the attention of the catalysis community. A novel synthetic
methodology was developed to prepare 2D-0D nanohybrids, comprising of boron carbon nitride
nanosheet (BCN NSs) and fullerene molecule and presented in chapter 6. These low dimensional
nanohybrids displayed remarkable electrocatalytic properties towards different energy conversion
reactions such as HER, OER, ORR and HOR. The electrocatalytic properties were studied with
varying F:BCN ratios to optimize the intermolecular electron transfer (ET) from the BCN NSs to
the electron-accepting fullerene molecules. This synergistic interfacial phenomenon resulted in
highly active catalytic sites that markedly boosted electrocatalytic activity of the material.
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The design of alternative earth-abundant vdW nanoheterostructures for bifunctional
oxygen evolution/reduction (OER/ORR) electrocatalysis is of paramount importance to fabricate
energy-related devices. A facile and scalable MOF-derived synthetic strategy was used to
synthesize metal oxide (ZrO 2 ) based low dimensional 0D-2D heterostructures and is presented in
chapter 7. The as-synthesized 0D-2D heterostructures were used as electrocatalysts for OER and
ORR reactions and displayed impressive electrocatalytic properties. Furthermore, they also
showed competitive performances for water-splitting and zinc-air battery devices.
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Chapter 2: Green Synthesis of a Highly Efficient Biosorbent for Organic, Pharmaceutical,
and Heavy Metal Pollutants Removal: Engineering Surface Chemistry of Polymeric Biomass
of Spent Coffee Waste
2.1 INTRODUCTION
Agrofood industry annually produces enormous amounts of inedible residues, originating
mainly from edible cereals and vegetables.1 Conversion of these wastes to useful resource not just
reduces ecological risk imposed by dumping them into the environment, but also eliminates the
need for waste management, and the costs associated with the waste management.2,3 Due to
owning unique characteristic, for instance, renewability, eco-friendliness, abundance, low cost,
and tunable chemical composition, these residues can be used as a sustainable biosorbents for
environmental remediation.4-9 Unsurprisingly, biosorbents do not have many disadvantages
associated with conventional adsorbents, including costly synthesis, expensive equipment
requirements, high energy consumption, and environmental issues generation.10
Coffee is one of the mostly used agrofood, for example, after tea, coffee is the second most
popular drink in the world, and universal production of coffee residue is around 6 million tons per
year deriving from manufacturing industries, domestic, and restaurants.11 The major components
of the spent coffee waste (SCW) are cellulose and lignin, containing polar and nonpolar
functionalities like hydroxyl, carboxylic, aldehydes, ketones, ether, which make SCW valuable
source of fertilizer, biodiesel fuel component, animal feedstuff, and pollutants adsorbent.10-12
Indeed, tunable functionalities over polymeric biomass of SCW can be used for adsorption of
different environmental pollutants.4-9 Nowadays, rapid industrial advancement resulted in
generation and dumping various pollutants, e.g. heavy metals, organic pollutants, and
pharmaceuticals to the environment causing increased global awareness, for instance,
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pharmaceutical antibiotics like tetracyclines (TC) have been extensively used for therapy purposes
in human beings and livestock.13,14 Ubiquitous distribution of highly soluble TC is posing serious
environmental and health-related issues, at which the presence of TC in water can provoke drug
resistance and challenge current antibiotic therapies.15,16 Synthetic dyes which are also among the
most hazardous organic pollutants in industrial effluents, along with heavy metals posing a serious
environmental issue due to their high biotoxicity and carcinogenic effects.17-22 Due to simplicity,
low cost, and ease of operation, adsorption has been considered a versatile technique in elimination
of various pollutants regardless of their physicochemical characteristic.4-9 Recently, there has been
a great interest in development of SCW-based biosorbent for environmental pollutants removal.
Surface modification, e.g. chemical treatment, and composite making were shown to be a versatile
technique in significantly enhancing SCW adsorption capacity.7-9 However, the techniques used
so far have not shown any promising results, compared to other available pollutant biosorbents,
and a need for a highly efficient biosorbent can be felt.
Herein, we report fabrication of highly efficient biosorbent, sulfonated spent coffee waste
(SCW-SO 3 H), through modification of surface chemistry and introduction of highly polar and
active sulfonic acid functionalities onto the SCW (Scheme 2.1). The adsorption capacity of the
developed SCW-SO 3 H was tested in removal of different range of environmental pollutants,
including methylene blue (MB), tetracycline (TC), and chromium (Cr(VI)). In comparison to the
previous reports on pollutant removal using spent coffee waste as adsorbent, our biosorbent shows
significant enhancement in adsorption capacity which makes the developed biosorbent a promising
alternative for water remediation.
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Scheme 2.1: Synthesis scheme and potential application of sulfonated coffee waste.

2.2 MATERIALS AND METHODS
2.2.1 Materials
Spent coffee waste was collected from the Starbucks. Hydrochloric acid (36.5-38%) and
concentrated sulfuric acid (95-98%) were purchased from BDH chemicals. Tetracycline (>88%
HPLC) and Sodium hydroxide (>97%) were purchased from Sigma Aldrich. Methylene blue was
purchased from Millipore Sigma and Sodium dichromate (99.5%) was purchased from Allied
chemicals. Milli-Q (18.2 M𝝮𝝮) water was used in all experiments.
2.2.2 Fabrication of the adsorbent
Initially, the collected spent coffee waste was washed with Milli-Q water and then boiled
for 1 h to remove any coloring materials (caffeine, tannin and other dyes). The solid was then
filtered and washed with water repeatedly until no colored water was observed. The solid (spent
coffee waste) was dried in a vacuum oven at 70 oC for 12 h. Then 3g of dried spent coffee waste
was taken in a round bottom flask and 45 ml of sulfuric acid was added slowly into it. Then the
flask was placed in an oil bath to maintain a constant temperature of about 70 oC. The reaction
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mixture was stirred continuously and heated for 3 h at 70 oC. Then the mixture was poured out
into a beaker (1000 mL) and cooled down to room temperature. 700 ml of ice-cold water was then
added into the beaker slowly to dilute the acid. Then the mixture was vacuum filtered and washed
with copious amount of water to remove any excess acid. The sample was then placed in a vacuum
oven and heated for 12 h at 80 oC. The dried sample was ground into fine powder for further use.
2.2.3 Batch adsorption studies
At first, 800 ppm MB, 600 ppm TC and 400 ppm Cr(VI) stock solutions were prepared by
dissolving them in deionized water and solutions of the each pollutants at desired concentrations
were prepared by successive dilutions of their stock solutions. For the batch adsorption study, 10
mg of SCW-SO 3 H adsorbent was added to 20 mL of adsorbate solution (MB, TC and Cr(VI)) in
a glass vial with constant stirring for 24 h except for the time study where 20 mg adsorbent was
added to 40 mL of adsorbate solution. The adsorbate solution was bath sonicated for 30 min after
adding the adsorbent into it. 1 M HCl or 1 M NaOH solution was used to adjust the pH of the
adsorbate solution. An oil bath was used for the temperature study and the adsorption process was
carried out at three different temperatures viz. 25 oC, 45 oC and 65 oC. After 24 h of constant
stirring, the MB, TC and Cr(VI) samples were collected in centrifuge tubes by filtering through a
0.45 µm syringe filter. Then the collected MB and TC samples were analyzed by UV-Vis
spectroscopy to calculate the remaining concentration of MB and TC after adsorption. The
collected Cr(VI) samples were analyzed by ICP-OES to calculate the remaining Cr(VI)
concentration in the solution after adsorption. The adsorption maxima considered for MB and
SMX were 616 nm and 357 nm, respectively. The adsorption capacity (mg/g) and percentage
adsorption (%) were calculated by the using the following equations 1 and 2, respectively:23,24
Qe =

(C0 −Ce )×V

(1)

m
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Adsorption(%) =

C0 −Ce
C0

× 100(%)

(2)

Where, C o is the initial concentration and C e is the equilibrium concentration of the adsorbate
(MB, TC and Cr(VI)) solutions, V is the volume of adsorbate solution (mL), m is the weight of
the adsorbent (mg) and Q e is the adsorption capacity of the adsorbent.
2.2.4 Water Purification using Continuous-Flow Column
SCW-SO 3 H and sand were packed in a glass chromatographic column with dimensions
20× 26× 45.7 cm. With this respect, 1 g of SCW-SO 3 H along with 110 g of sand were mixed
homogeneously and filled the column as dry. To support the column sand was used at the top and
cotton was used at the bottom. 500 mL DI water was used to wash the column prior to filtering
MB solution. An aqueous solution of 20 ppm MB was filtered through the column at which the
filtrate was analyzed using UV-Vis spectroscopy to measure adsorption capacity of the filter.
2.2.5 Experimental data modeling
The Langmuir, Freundlich, Temkin and Dubinin Radushkevich (D-R) isotherm models
were applied to examine the reaction behavior between the target pollutants and adsorbent.23,24
Langmuir isotherm model: The Langmuir isotherm is expressed by the following equation 3.
Ce

Qe

=

1

Qmax KL

Ce

+Q

(3)

max

Where Q e is adsorption capacity (mg/g) of the SCW-SO 3 H, Q max is the maximum adsorption
capacity (mg/g), C e is the equilibrium concentration and K L is the Langmuir constant (L/mg).
Freundlich isotherm model: The Freundlich isotherm is expressed by the following equation 4.
ln(𝑄𝑄𝑒𝑒 ) = ln(𝐾𝐾𝐹𝐹 ) +

1

𝑛𝑛

ln(𝐶𝐶𝑒𝑒 )

(4)

Where Q e is the adsorption capacity (mg/g), C e is the equilibrium concentration, K F is the
Freundlich constant and 1/n is the intensity of adsorption.
Temkin isotherm model: The linear equation of the Temkin isotherm model is shown as follows
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𝑄𝑄𝑒𝑒 = 𝐵𝐵𝐵𝐵𝐵𝐵𝑎𝑎 𝑇𝑇 + 𝐵𝐵𝐵𝐵𝐵𝐵𝐶𝐶𝑒𝑒
𝐵𝐵 =

(5)

𝑅𝑅𝑅𝑅

(6)

𝑏𝑏𝑇𝑇

Where T is the temperature (K), R is the universal gas constant, a T is the equilibrium gas constant,
bT and B is the Temkin constant related to the sorption heat.
D-R isotherm model: The linear presentation of the D-R isotherm model is expressed by the
following equation.
lnQ e = lnQ m − βε2

(7)

ε = RTln(1 + 1/Ce)

(8)

Where Q m is the maximum adsorption capacity (mg/g), Q e is the adsorption capacity (mg/g), ε is
the Polanyi potential and β is the activity coefficient.
Pseudo-first order, pseudo-second order, intra-particle diffusion and liquid film diffusion kinetic
models were used to fit the kinetic data of the adsorption experiments.23,24
Pseudo-first order model: The pseudo-first order kinetic model is expressed by the following
equation 9.
𝑘𝑘

1
log(𝑞𝑞𝑒𝑒 − qt ) = log(𝑞𝑞𝑒𝑒 ) − 2.303
𝑡𝑡

(9)

Pseudo-second order model: The pseudo-second kinetic model is expressed by the following
equation 10.
𝑡𝑡

𝑞𝑞𝑡𝑡

=

1

𝑘𝑘2 𝑞𝑞𝑒𝑒

2

+

𝑡𝑡

(10)

𝑞𝑞𝑒𝑒

Where t is adsorption time, q e is the adsorption capacity at equilibrium time, q t is the adsorption
capacity at time t, k 1 is the pseudo-first order rate constant (min-1) and k 2 is the pseudo-second
order rate constant (gmg-1 min-1).
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Intra-particle diffusion model: This kinetic model was used further to analyze the diffusion
mechanism.
𝑄𝑄𝑡𝑡 = 𝐾𝐾𝑖𝑖 𝑡𝑡 0.5 + C

(11)

Where k i is the intra-particle diffusion rate constant (mgg-1 min0.5) and c is a constant (mg/g),
related to the boundary layer thickness.
Liquid film diffusion model: This model was applied to determine the actual rate-controlling step
whether it is from pore diffusion or film diffusion.
ln(1 − 𝐹𝐹 ) = −𝐾𝐾𝑓𝑓𝑓𝑓 𝑡𝑡

(12)

Where k fd is the adsorption rate constant and F is defined as the fractional achievement of the
equilibrium at time t, which can be calculated by the following equation.
Q

F = Qt

(13)

e

2.3 RESULTS AND DISCUSSION
2.3.1 SEM and EDS analysis
Morphological and elemental analysis of the SCW-SO 3 H biosorbent was investigated by
SEM-EDS and the findings are shown in Figure 2.1. SEM analysis shows that the developed SCWSO 3 H biosorbent is formed of irregular microparticles as shown in Figure 2.1a. As it can be seen
from Figure 2.1b, EDS shows presence of all the elemental composition of the SCW as well as
introduced sulfonic acid functionalities with elemental ratio of 75.13, 22.76, and 2.11 with respect
to carbon, oxygen and sulfur, respectively. Figure 2.1(c-e) shows the elemental color mapping of
the as-synthesized biosorbent revealing the presence of C, O and S, respectively.
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Figure 2.1: (a) SEM image of the SCW-SO3H biosorbent; (b) EDS analysis of the SCW-SO3H
biosorbent; (c, d and e) elemental color mapping of the adsorbent showing the
presence of C, O and S, respectively.
2.3.2 Zeta potential and Raman analysis
Zeta potential analysis was carried out to find out surface charge of the developed SCWSO 3 H biosorbent. According to the findings as shown in Figure 2.2a, the SCW-SO 3 H shows a
highly negative surface charge as expected of introduced sulfonic acid groups. This large negative
charge over the surface of SCW-SO 3 H can induce a strong charge-charge electrostatic interactions
with pollutants and as a result high pollutant adsorption can be achieved. Raman spectra of SCWSO 3 H shows a prominent G band peak at around 1583 cm-1 revealing the SP2 type carbon or
graphitic nature of the biosorbent as shown in Figure 2.2b.25,26
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Figure 2.2: (a) Zeta potential measurement; (b) Raman spectra of the SCW-SO3H biosorbent.
2.3.3 FT-IR and TGA analysis
To investigate the functional groups of the developed SCW-SO 3 H biosorbent and character
of interactions between the biosorbent and adsorbates, FT-IR analysis was conducted as shown in
Figure 2.3a. Presence of SO3- stretching peak at around 1153 cm-1, O=S=O stretching signal at
around 1356 cm-1 and C=O peak at around 1700 cm-1 proves successful incorporation of sulfone
functionality over the surface of SCW.27 Furthermore, coexistence of signals related to the
biosorbent and pollutants show physical character of interactions between biosorbent and
adsorbates with no chemical reactions. TGA curves of SCW-SO 3 H biosorbent before and after
adsorption of Cr(VI) are shown in Figure 2.3b. The curve of bare SCW-SO 3 H shows two weight
losses in the applied temperature range. The first one is around 100-200 oC which is related to
evaporation of free water as well as water adsorbed over molecular space of the biosorbent. The
second weight loss is deriving from decomposition of polymeric biomass and the process ends at
around 650 oC. However, upon Cr(VI) adsorption over SCW-SO 3 H surface, there is negligible
mass lose at below 100 oC resulting from moisture evaporation and considerable mass loss starts
from around 110 oC and continues to around 500 oC. In comparison to bare SCW-SO 3 H, the
increased threshold of mass lose in the Cr(VI)-loaded SCW-SO 3 H can be attributed to Cr ions
occupying water positions and formation of chromium oxide may be the reason for the Cr(VI)27

loaded SCW-SO 3 H material not to be fully decomposed even till 800 oC. These results also show
considerable adsorption of Cr(VI) by biosorbent.28

Figure 2.3: (a) FT-IR spectra of SCW-SO3H before and after exposure to the pollutants and (b)
TGA curves of SCW-SO3H and Cr(VI)-adsorbed SCW-SO3H.
2.3.4 XPS analysis
XPS was performed to investigate elemental composition as well as chemical and
electronic state of the Cr(VI) loaded SCW-SO 3 H biosorbent, which the corresponding results are
plotted in Figure 2.4. According to the findings, Cr 2p 1/2 -orbital, Cr 2p 3/2 -orbital, O 1s-orbital, C
1s-orbital, S 2p- orbital, Cr 2s-orbital, and O 2s-orbital were detected in the samples in the regions
586.0 eV, 577.7 eV, 531.4 eV, 284.8 eV, 167.4 eV, 80.9 eV, 75.1 eV, 43.6 eV and 24.9 eV,
respectively, as shown in Figure 2.4a. According to Figure 2.4b, the signals observed at BE of
586.0 eV and 577.7 eV are related to chromium trioxide (Cr 2 O 3 ) and chromium (III) hydroxide
(Cr(OH) 3 ), respectively.29,30 The three signals related to electronic structure of O 1s-orbital
observed at 531.4, 532.1, and 530.5 eV, as shown in Figure 2.4c, correspond the species chromium
(III) hydroxide oxide (Cr(OH)O), chromium (III) sulfate (Cr 2 (SO 4 ) 3 ) and chromium trioxide
(Cr 2 O 3 ), respectively.31-33 According to Figure 2.4d, the observed signals related to C 1s-orbital at
283.3 eV, 284.8 eV and 286.2 eV which can be ascribed to trichromium dicarbide (Cr 3 C 2 ), carbon-
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carbon (C-C) bonding, and carbon-oxygen (C-O) bounding, respectively.34-36 The signal related to
S 2p-orbital was observed at 167.4 eV as shown
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Figure 2.4: (a) SCW-SO3H sample XPS survey from 700 eV to 0 eV; (b) Cr 2p-orbital; (c) oxygen
1s orbital; (d) carbon 1s-orbital; (e) sulfur 2p; (f) coupling of Cr 2s-orbital in the form
of dichromium trisulfide (Cr2S3) and chromium trioxide (Cr2O3); g) Cr 3p-orbital; h)
oxygen O 2s-orbital.
in Figure 2.4e. Figure 2.4f shows irregular peaks observed at 75.1 eV and 80.9 eV, which can be ascribed
to Cr 3s-orbital, are related to dichromium trisulfide (Cr 2 S 3 ) and chromium trioxide (Cr 2 O 3 ), respectively.
The signals observed at 43.6 eV (Figure 2.4g) and 24.9 eV (Figure 2.4h) correspond to Cr 3p-orbital of
chromium trioxide (Cr 2 O 3 ) and O 2s-orbital of hydroxide (OH) and C-O.

2.3.5 Adsorption study: effect of biosorbent dosage, exposure time, pH and temperature
The influence of several variables such as dosage of SCW-SO 3 H, extent of time at which
the pollutants are exposed to the biosorbent, pH of the solution and temperature over adsorption
capacity of the developed SCW-SO 3 H biosorbent was tested and analyzed. As shown in Figure
2.5a, adsorption of all the three pollutants of MB, TC and Cr(VI) was increased upon increasing
dosage of biosorbent which can be attributed to more available functionalities and chemical sites
over the surface of SCW to interact with the pollutants.6,13 Similar results were found by increasing
time exposure of pollutants to the SCW-SO 3 H biosorbent as shown in Figure 2.5b. It is apparent
form this figure that the maximum adsorption of these pollutants onto SCW-SO 3 H biosorbent
occurred within 30 minutes of the time exposure. However, different results were found regarding
influence of pH of the solution over adsorption capacity of SCW-SO 3 H biosorbent. It is known
that pH of the solution plays an important role in adsorption capacity of the adsorbent in several
ways: influencing surface charge of adsorbent, degree of ionization of the pollutants, dissociation
extent of functionalities over active sites of the adsorbent and structure of the pollutant. While with
respect to MB and Cr(VI) a straight relationship between pH of the solution and the adsorption
extent is found,7,18,37 TC shows completely different behavior.13-16 The influence of solution pH
over adsorption of Cr(VI) onto SCW-SO 3 H was studied in pH range of 2-8. As shown in Figure
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2.5c and in accordance with previous reports,7,37 maximum Cr(VI) adsorption can be achieved in
acidic environments. Indeed, depending on the pH of the solution, different hexavalent chromium
species of CrO 4 2-, HCrO 4 -, H 2 CrO 4 , HCr 2 O 7 -, or Cr 2 O 7 2- can exist.7,37

Figure 2.5: (a) effect of biosorbent dosage: 20 ml of 100 ppm adsorbate solution containing 5, 10,
15 and 20 mg biosorbent; (b) effect of pH: 20 ml of 100 ppm solution containing 10
mg biosorbent in pH range of 2-10 and (c) effect of time: 40 ml of 50 ppm solution
containing 20 mg of biosorbent in 0-360 min time exposure.
At lower pH CrO 4 2- is the main species and due to relatively positive surface charge of biomass of
SCW at that pH, strong electrostatic interactions between the biosorbent and adsorbates results in
very high adsorption.7,32 CrO 4 2- converts to HCrO 4 – and then Cr 2 O 7 2- as pH of the solution rises
to around pH of 6 and above.7,37 Although Cr 2 O 7 2- specie have the same charge as CrO 4 2-, but due
to repulsion between the negatively charged functionalities over SCW-SO 3 H at high pH and
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negatively charges hexavalent chromium, adsorption capacity of SCW-SO 3 H at very high pH is
even lower than mid-pH where HCrO 4 – is the main existing specie.7,37 MB adsorption over SCWSO 3 H biosorbent increases as the pH of the solution raises.18

Figure 2.6: (a-b) Chemical structure of TCs and MB [14,18].

This phenomenon can be explained by referring to the chemical structure of MB and its cationic
state as shown in Figure 2.6a. In fact, at low pH there is small interaction between SCW-SO 3 H
surface and cationic dye which can be due to non-electrostatic interactions like π-π stacking
between aromatic rings of polymers (cellulose and lignin) existing in SCW-SO 3 H and MB dye.18
In addition, presence of H+ at low pH can results in repulsion with MB cationic state and lower the
adsorption capacity. However, by increasing pH of the solution, more sulfonic acid groups of
SCW-SO 3 H get dissociated and as a result more negative charge would be available for cationic
MB dye to interact. This strong electrostatic interaction leads to high adsorption found at high pH
values.18,21 Due to having complex structure and functionalities, TCs are expected to show
different results than that of Cr(VI) and MB dye. The chemical structures of TC are given in Figure
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2.6(b-c). Depending on the pH of the solution, TC can exist in three forms of TCH+, TCH± and
TCH-.13,15 As shown in Figure 2.6c, at pHs below pKa of TC there is some interactions between
TC and SCW-SO 3 H which might be due to π-π stacking between the aromatic rings as well as πbonds of the adsorbent and adsorbate.10 However, in pH more than pKa of TC, and due to
formation of negative charged surface of TC and SCW biosorbent, there is an electrostatic
repulsion which is the reason behind decreased adsorption in high pH values.

Figure 2.7: Effect of temperature over adsorption capacity of SCW-SO3H toward (a) MB; (b) TC
and (c) Cr(VI) pollutants.

Temperature of the solution has shown to have significant effect on adsorption capacity of
SCW-SO 3 H biosorbent. According to the findings shown in Figure 2.7, increasing temperature
resulted in sharp increases in adsorption of TC and Cr(VI). This can be explained by increased

33

kinetic energy of adsorbates as well as SCW-SO 3 H functionalities which are more available to
interact with the pollutants at elevated temperatures.6,7 In addition, at elevated temperature and due
to expansion of the biosorbent, more interaction sites would be available for the biosorbent and
pollutants and as a result more adsorption is expected. However, no temperature influence was
found with respect to MB adsorption up to 400 ppm. However, temperature is shown to have
positive impact on the adsorption of MB dye over SCW-SO 3 H at applied concentration higher
than 500 ppm.
2.3.6 Isotherm Study
To analyze nature of interactive mechanism between the biosorbent and adsorbate, and to
design, model and evaluate an adsorption system, adsorption isotherm is considered a strong tool.
The isotherm models such as Langmuir, Freundlich, Temkin and Dubinin-Redushkevich (D-R)
are among the well-known isotherm models were applied in this study.23,24 Hence, in the current
study, we carried out isotherm study on the developed SCW-SO 3 H biosorbent using different
isotherms to fit our experimental data. In the Langmuir isotherm model, it is assumed that
adsorption occurs onto a homogenous surface of adsorbent which means that all of binding sites
over an adsorbent are similarly interactive.23,24 On the other hand, in the Freundlich isotherm
model, it is assumed that the strength of all binding sites over an adsorbent are heterogeneous.
Where Temkin isotherm model includes a factor to investigate interaction between adsorbent and
adsorbate, Dubinin-Redushkevich isotherm model is used to explore nature of an adsorption
process as chemical or physical.23,24 Our findings regarding isotherm study of interaction between
SCW-SO 3 H biosorbent and pollutants using Langmuir, Freundlich, Temkin and DubininRedushkevich isotherm models are shown in Figure 2.8(a-d). As it can be seen, MB and TC
patterns match up Langmuir isotherm with R2 value of 0.999 and 0.988, respectively,
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demonstrating that the developed SCW-SO 3 H biosorbent acts as having uniform binding sites
toward adsorbing MB and TC pollutants.

Figure 2.8: (a) Langmuir Isotherm; (b) Freundlich Isotherm; (c) Temkin Isotherm and (d) DubininRedushkevich isotherm of adsorption of MB, TC and Cr(VI) over SCW-SO3H
biosorbent.
On the other hand, Cr(VI) pattern matches up Freundlich isotherm with R2 value of 0.996, showing
that the SCW-SO 3 H biosorbent acts as having heterogeneous binding sites toward adsorbing
Cr(VI) pollutant.
2.3.7 Kinetic and thermodynamic Study
Based on different kinetic models such as pseudo-first order, pseudo-second order, intraparticle diffusion and liquid film diffusion, extent of pollutant adsorption per gram of adsorbent
(Q e) after adsorption over SCW-SO 3 H biosorbent is measured as plotted in Figure 2.9(a-d).
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According to the findings, adsorption of all the adsorbates over SCW-SO 3 H biosorbent follows
Pseudo-second order kinetic at which experimental data fits very

Figure 2.9: (a) pseudo-first order; (b) pseudo-second order; (c) intra-particle diffusion and (d)
liquid film diffusion kinetic model graph of adsorption of MB, TC and Cr(VI) over
SCW-SO3H biosorbent.
well the calculated data.23,24 While fitting experimental data to theoretical data using pseudo-first
order and pseudo-second order might not provide absolute sorption mechanism, intra-particle
diffusion and liquid film diffusion kinetic models were also performed.23,24 However, both the
intra-particle diffusion and liquid film diffusion kinetic models failed in fitting between
experimental and theoretical data, as evident from significantly lower R2 value compared to
pseudo-first order and pseudo-second order models. Hence, it shows that it is unlikely that intra-
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particle diffusion is the rate determining step in the sorption of pollutants over SCW-SO 3 H
biosorbent.23,24
The thermodynamic study gives valuable information about an adsorption process whether
it is occurring spontaneously or not as well as we can get the values of ΔHo, ΔGo and ΔSo by
calculating the fundamental thermodynamic parameters.38,39 With this respect and to better realize
the influence of temperature on the MB, TC and Cr(VI) adsorption over the SCW-SO 3 H
biosorbent, the thermodynamic parameters of ΔGo, ΔHo, and ΔSo were calculated by using the
following equations:38,39
𝐾𝐾𝐶𝐶 =

𝑄𝑄𝑒𝑒

(14)

𝐶𝐶𝑒𝑒

∆𝐺𝐺 𝑜𝑜 = −𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐾𝐾𝐶𝐶

𝑙𝑙𝑙𝑙𝐾𝐾𝑐𝑐 = −

∆𝐻𝐻 𝑜𝑜
𝑅𝑅𝑅𝑅

+

(15)

∆𝑆𝑆 𝑜𝑜

(16)

𝑅𝑅

Where, T (K) is absolute temperature, R (8.314 Jmol-1 K-1) is universal gas constant, Kc is the
adsorption equilibrium constant (Lg-1), C e is the equilibrium concentration of the pollutants in the
solution. ΔGo, ΔSo and ΔHo are standard Gibb’s free energy, entropy and enthalpy changes ,
respectively. From Table 2.1, we can be seen that the Kc values are increasing with increasing
temperature from 298 K to 338K, which suggests the endothermic nature of the process (ΔHo >0).
The negative value of ΔGo also indicates the spontaneity of the adsorption process with no need
for foreign energy source for interactions. The ΔGo values are more negative at higher temperatures
showing that at higher temperature the biosorption process is more favorable. Furthermore, a
biosorption process can be identified whether it is physical or chemical based on the ΔGo values
as the ΔGo values ranging from 0 to -20 kJ/mol is physical in nature and -80 to -400 kJ/mol is
chemical in nature. Based on the obtained ΔGo values for MB, TC and Cr(VI) adsorption onto
SCW-SO 3 H, it is apparent that the adsorption process is physical in nature in all cases.
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Table 2.1: Thermodynamic values of ΔGo, ΔHo and ΔSo at three temperatures of 298, 318, and 338
K with respect to adsorption of MB, TC and Cr(VI) over SCW-SO3H biosorbent.

Positive value of ΔSo confirms an increased disorder and accident in the solid (biosorbent) and
solution interface, as well as high affinity towards the adsorption process.38,39
2.3.8 A filter based on the developed SCW-SO3H biosorbent for pollutant removal
The packed SCW-SO 3 H-based filter was used to remove 20 ppm MB aqueous solution in
a continuous mode and the filtrate was analyzed using UV-Vis spectroscopy to measure the extent
of MB adsorption using the developed biosorbent. According to the results shown in Figure 2.10,
which shows plot of filtered water versus % MB removal, ~100% of the MB was adsorbed over
the biosorbent and removed by the filter. Moreover, Figure 2.10 shows that the filter is capable of
removing all the MB till 13 L of MB solution and after that small drop in adsorption capacity of
the filter is observed which can be due to saturation of the biosorbent by MB.
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Figure 2.10: Continuous column water filter.
2.4 CONCLUSION
It is shown that our developed biosorbent, sulfonated spent coffee waste (SCW-SO 3 H)
synthesized via introduction of sulfonic acid polar functionalities over the polymeric biomass
(cellulose and lignin) of the SCW, was an efficient biosorbent in removal of different
environmental pollutants of MB, TC and Cr(VI) with higher adsorption capacities of 812, 462 and
302 mg/g, respectively. Kinetic study showed that all the adsorbates were adsorbed over SCWSO 3 H following pseudo second-order rate, and thermodynamic study showed ΔH >0 and ΔG <0
values demonstrating endothermic nature and spontaneity of the adsorption of pollutants over
SCW-SO 3 H biosorbent. It was also shown that while adsorption of MB and TC follow Langmuir
isotherm, Cr(VI) adsorption matches up with Freundlich isotherm. Due to superior adsorption
capacity observed by SCW-SO 3 H compared to recently reported SCW-based biosorbents, authors
hope that this report acts as platform in designing and fabrication of highly efficient biosorbents
toward pollutant removal and water remediation.

39

References
1. Kumar, U. Agricultural products and by-products as a low-cost adsorbent for heavy metal
removal from water and wastewater: A review. Sci. Res. Essay. 2006, 1 033-037.
2. Tokimoto, T.; Kawasaki, N.; Nakamura, T.; Akutagawa, J.; Tanada, S. Removal of lead ions in
drinking water by coffee grounds as vegetable biomass. J. Colloid Interface Sci. 2005, 281, 56–
61.
3. Adi, A. J.; Noor, Z. M. Waste recycling: Utilization of coffee grounds and kitchen waste in
vermicomposting. Bioresour. Technol. 2009, 100, 1027-1030.
4. Nitayaphat, W.; Jintakosol, T.; Engkaseth, K.; Wanrakakit, Y. Removal of methylene blue from
aqueous solution by coffee residues. Chiang Mai J. Sci. 2015, 42, 407–416.
5. Zuorro, A.; Lavecchia, R.; Natali, S.; Magnetically modified agro-industrial wastes as efficient
and easily recoverable adsorbents for water treatment. Chem. Eng. Trans. 2014, 38, 349–354.
6. Fiol, N.; Escudero, C.; Villaescusa, I. Reuse of Exhausted Ground Coffee Waste for Cr (VI)
Sorption. Separation Sci. Technol. 2008, 43, 582-596.
7. Prabhakaran, S. K.; Vijayaraghavan, K.; Balasubramanian, R. Removal of Cr (VI) ions by spent
tea and coffee dusts: reduction to Cr (III) and biosorption. Ind. Eng. Chem. Res. 2009, 48, 21132117.
8. Ahalya, N.; Kanamadi, R. D.; Ramachandra, T. V. Removal of hexavalent chromium using
coffee husk. Int. J. Environ. Pollut. 2010, 43, 106-116.
9. Kyzas, G. Z. Commercial coffee wastes as materials for adsorption of heavy metals from
aqueous solutions. Materials, 2012, 5, 1826-1840.

40

10. Jabbari, V.; Veleta, J. M.; Zarei-Chaleshtori, M.; Gardea-Torresdey, J.; Villagrán, D. Green
synthesis of magnetic MOF@ GO and MOF@ CNT hybrid nanocomposites with high adsorption
capacity towards organic pollutants. Chem. Eng. J. 2016, 304, 774-783.
11. Ponte, S. Thelatte revolution'? Regulation, markets and consumption in the global coffee
chain.World development, 2002, 30, 1099-1122.
12. Berihun, D. Removal of Chromium from Industrial Wastewater by Adsorption Using Coffee
Husk, J. Material Sci. Eng. 2017, 6, 2169-0022.
13. Oladipo, A. A.; Abureesh, M. A.; Gazi, M. Bifunctional composite from spent “Cyprus coffee”
for tetracycline removal and phenol degradation: Solar-Fenton process and artificial neural
network. Int. J. Biol. Macromol. 2016, 90, 89-99.
14. Giammarco, J.; Mochalin, V. N.; Haeckel, J.; Gogotsi, Y. The adsorption of tetracycline and
vancomycin onto nanodiamond with controlled release. J. Colloid Interface Sci. 2016, 468, 253261.
15. Guo, Y.; Huang, W.; Chen, B.; Zhao, Y.; Liu, D.; Sun, Y.; Gong, B. Removal of tetracycline
from aqueous solution by MCM-41-zeolite A loaded nano zero valent iron: Synthesis,
characteristic, adsorption performance and mechanism. J. Hazard. Mater. 2017, 339, 22-32.
16. Marzbali, M. H.; Esmaieli, M.; Abolghasemi, H.; Marzbali, M. H. Tetracycline adsorption by
H3PO4-activated carbon produced from apricot nut shells: A batch study. Process Saf. Environ.
Prot. 2016, 102, 700-709.
17. Islam, M. T.; Hernandez, C.; Ahsan, M. A.; Pardo, A.; Wang, H.; Noveron, J. C. Sulfonated
resorcinol-formaldehyde microspheres as high-capacity regenerable adsorbent for the removal of
organic dyes from water. J. Environ. Chem. Eng. 2017, 5, 5270-5279.

41

18. Ai, L.; Zhang, C.; Liao, F.; Wang, Y.; Li, M.; Meng, L.; Jiang, J. Removal of methylene blue
from aqueous solution with magnetite loaded multi-wall carbon nanotube: kinetic, isotherm and
mechanism analysis, J. Hazard. Mater. 198 (2011) 282-290.
19. Fiol, N.; Escudero, C.; Villaescusa, I. Re-use of exhausted ground coffee waste for Cr(VI)
sorption. Sep Sci Technol. 2008, 43, 582–596.
20. Hyder, A. H. M. G.; Begum, S. A.; Egiebor, N. O. Adsorption isotherm and kinetic studies of
hexavalent chromium removal from aqueous solution onto bone char. J. Environ. Chem. Eng.
2015, 3, 1329-1336.
21. Utomo, H. D.; Hunter, K. A. Adsorption of divalent copper, zinc, cadmium and lead ions from
aqueous solution by waste tea and coffee adsorbents. Environ. Technol. 2006, 27, 25-32.
22. Islam, M. T.; Dominguez, N.; Ahsan, M. A.; Dominguez-Cisneros, H.; Zuniga, P.; Alvarez, P.
J.; Noveron, J. C. Sodium rhodizonate induced formation of gold nanoparticles supported on
cellulose fibers for catalytic reduction of 4-nitrophenol and organic dyes. J. Environ. Chem. Eng.
2017, 5, 4185-4193.
23. Zhou, Y.; Liu, X.; Xiang, Y.; Wang, P.; Zhang, J.; Zhang, F.; Tang, L. Modification of biochar
derived from sawdust and its application in removal of tetracycline and copper from aqueous
solution: Adsorption mechanism and modelling. Bioresour. Technol. 2017, 245, 266-273.
24. Zhou, Y.; Liu, X.; Tang, L.; Zhang, F.; Zeng, G.; Peng, X.; Zhang, J. Insight into highly
efficient co-removal of p-nitrophenol and lead by nitrogen-functionalized magnetic ordered
mesoporous carbon: performance and modelling. J. Hazard. Mater. 2017, 333, 80-87.
25. Vecera, P.; Chacón-Torres, J. C.; Pichler, T.; Reich, S.; Soni, H. R.; Görling, A.; Hirsch, A.
Precise determination of graphene functionalization by in situ Raman spectroscopy. Nat. commun.
2017, 8, 15192.

42

26. Krishna, K. S.; Kumar, B.V.V.S. P.; Eswaramoorthy, M. Nanopillar arrays of amorphous
carbon nitride. Chem. Phys. Lett. 2011, 511, 87-90.
27. Wang, J.; Xu, W.; Ren, J.; Liu, X.; Lu, G.; Wang, Y. Efficient catalytic conversion of fructose
into hydroxymethylfurfural by a novel carbon-based solid acid. Green Chem. 2011, 13, 2678 2681.
28. Chang, X.; Li, M.; Liu, Q.; Liu, Q.; Yao, J. Adsorption–reduction of chromium (vi) from
aqueous solution by phenol–formaldehyde resin microspheres. RSC Adv. 2016, 6, 46879-46888.
29. Agostinelli, E.; Battistoni, C.; Fiorani, D.; Mattogno, G.; Nogues, M. An XPS study of the
electronic structure of the ZnxCd1−xCr2(X = S, Se) spinel system. J. Phys. Chem. Solids 1989,
50, 269 - 272.
30. Moffat, T. P.; Latanision, R. M. An electrochemical and X‐ray photoelectron spectroscopy
study of the passive state of chromium. J. Electrochem. Soc. 1992, 139, 1869 - 1879.
31. Ikemoto, I.; Ishii, K.; Kinoshita, S.; Kuroda, H.; Franco, M. A. A.; Thomas, J. M. X-ray
photoelectron spectroscopic studies of CrO 2 and some related chromium compounds. J. Solid State
Chem. 1976, 17, 425 - 430.
32. Dickinson, T.; Povey, A. F.; Sherwood, P. M. A. X-ray photoelectron spectroscopic study of
the film formed on a gold electrode during the electrochemical reduction of chromium (VI). J.
Chem. Soc. Faraday Trans. I, 1976, 72, 686 - 705.
33. Nefedov, V. I.; Gati, D.; Dzhurinskii, B. F.; Sergushin, N. P.; Salyn, Y. V. Simple and
coordination compounds. Russ. J. Inorg. Chem. 1975, 20, 2307–2314.
34. Petkov, K.; Krastev, V.; Marinova, T. XPS analysis of thin chromium films, Surface and
interface analysis. 1992, 18, 487-490.

43

35. Chandra, V.; Park, J.; Chun, Y.; Lee, J. W.; Hwang, I. C.; Kim, K. S. Water-dispersible
magnetite-reduced graphene oxide composites for arsenic removal. ACS Nano, 2010, 4, 39793986.
36. Ai, L.; Zhang, C.; Chen, Z. Removal of methylene blue from aqueous solution by a
solvothermal-synthesized graphene/magnetite composite. J. Hazard. Mater. 192 (2011) 15151524.
37. Zhang, R.; Wang, B.; Ma, H. Studies on Chromium (VI) adsorption on sulfonated lignite.
Desalination, 2010, 255, 61-66.
38. Yu, Y.; Zhuang, Y.Y.; Wang, Z.H.; Qiu, M.Q. Adsorption of water-soluble days onto modified
resin. Chemosphere 2004, 54, 425–430.
39. Liu, Y. Is the free energy change of adsorption correctly calculated? J. Chem. Eng. Data. 2009,
54, 1981–1985.

44

Chapter 3: Ultrafast Catalytic Reduction of Environmental Pollutants in Water via MOFderived Cu and Magnetic Ni Nanoparticles Encapsulated in Porous Carbon
3.1 INTRODUCTION
As organometallic compounds, metal-organic frameworks (MOFs) are made of metal
centers (inorganic nodes) chemically bonded to organic ligands (linkers) resulting in threedimensional porous materials.1-3 Copper-1,4-benzenedicarboxylate (Cu-BDC) and nickel-1,4benzenedicarboxylate (Ni-BDC) are examples of MOFs composed of metallic centers of Cu and
Ni, respectively, linked through BDC organic ligands.4-6 Due to many advantages of Cu-BDC and
Ni-BDC MOFs including high porosity, tunability of pore sizes and shapes, and valuable
functionalities, these MOFs are widely used for numerous applications, e.g. gas adsorption, storage
and separation, catalysis, batteries, sensing and so on.7-13 In addition to their direct use and owning
to presence of metals and carbon as well as an inherent porosity, MOFs (as precursors) can be
converted to MOF-derived products through a carbonization process.14-16 Deriving from a catalytic
nature of many transitional metals in their metallic form, metal particles-embedded porous carbon
composite materials can be made through carbonization of MOFs in an inert atmosphere. e.g. N 2
or Ar. These materials have metallic nanoparticles embedded in a highly porous carbon substrate.
Stemming from numerous advantages including the high surface area of the metal particles due to
the presence of highly segregated nanoscale particles over the carbon substrate, and inertness of
carbon substrate toward chemical reactions, these composite materials can have numerous
applications in metal-catalyzed systems.17
Metal nanoparticles (NPs), especially copper and nickel NPs have drawn a great attention
over the last few decades due to their low cost as well as their potential applications in sensing,
hydrogen generation, catalytic hydrogenation, supercapacitors and catalysis.18-21 But, due to their
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high surface energy, these NPs tend to agglomerate easily resulting in a significant reduction of
their performance during the catalysis process.22 An effective way to overcome these problems is
to immobilize the NPs on the solid support such as carbon, alumina and mesoporous silica
materials [23-35]. Among them, mesoporous carbon materials are known to be a good candidate
as a solid support due to their high surface area, excellent conductivity and low density, etc.26
Many efforts have been made to design efficient methods including chemical vapor deposition,
explosion and hard-templating approach to make carbon supported metal NPs.27-29 Most of the
methods require a multi-step synthetic process, high energy consumption and a sophisticated
apparatus.27-29 So, it remains challenging to prepare carbon encapsulated metal nanoparticles via a
cost effective and simple method. In this regard, MOF templating synthesis of carbon encapsulated
metal nanoparticles could be an effective alternative method.14-17 In recent times, carbon
encapsulated copper and nickel nanoparticles have been synthesized easily via direct carbonization
of the MOFs under an inert (N 2 or Ar) atmosphere.18-21 However, many nickel and copper-based
MOFs have been utilized as precursors to make their respective metal-carbon composites, but the
synthesis procedure for most of the MOFs require a long time, high temperature, toxic organic
solvents and expensive ligands. Among the many Cu and Ni-MOFs, Cu-BDC and Ni-BDC MOFs
can be easily prepared by utilizing a readily available and inexpensive ligand.4-6 The purpose of
this work is based on using a cheap ligand, terephthalic acid to make Cu-BDC and Ni-BDC MOFs
as precursors for making C@Ni and C@Cu nanocatalysts by their direct carbonization. Unlike
relatively expensive ligands, for instance, trimesic acid or 1,3,5-benzenetricarboxylic acid which
is a tridentate ligand and reported in few articles for synthesis of metal@carbon nanocomposites,1821

the ligand used in this study, terephthalic acid is much cheaper and also is a bidentate ligand

which may leads to a large difference in properties of the resulting MOFs including porosity,
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geometry, etc. Therefore, which to best of our knowledge is for the first time, magnetic C@Ni and
C@Cu nanocatalysts are synthesized through carbonization of Ni-BDC and Cu-BDC MOFs at 600
o

C under Ar atmosphere. Furthermore, unlike the reported metal@carbon nanocomposites which

were used for sensing,18 hydrogen generation,19 catalytic hydrogenation20-21 and supercapacitors,1
our synthesized Cu@C and Ni@C nanocatalysts were used for catalytic reduction of organic
pollutants whereas they showed superior performance toward the reduction of 4-nitrophenol (4NP), methylene blue (MB), and methyl orange (MO).
Nitrophenols are organic pollutants which are common in industrial effluents of various
industries, e.g. pesticide and pharmaceutical industries, and are categorized as a ‘‘Priority
Pollutants” by the United States Environmental Protection Agency (EPA) whereas their
concentration limit is <10 ng L-1.30,31 On the other hand, 4-aminophenol (4-AP) as a product of
reduction of 4-nitrophenol (4-NP), is considered an essential precursor for organic synthesis and
in pharmaceutical industry.32 The azo dyes such as methyl orange (MO) and methylene blue (MB)
exist in sewage of many industries such as textile industries and are proven to result in healthrelated issues especially in high dosages as a result of their toxicity and carcinogenic effects.32-34
While the water pollutants can be removed from water and wastewater by various means including
photocatalysis,35,36 adsorption,37,38 coagulation,39 and so on, however, catalytic reduction of the
pollutants to valuable compounds not just deals with the issue of environmental pollution, but also
is an economical process converting harmful compounds into beneficial ones.30
In the current study, we have prepared the C@Cu and magnetic C@Ni nanocatalysts via
direct carbonization of Cu-BDC and Ni-BDC MOFs, respectively. The precursor materials are
synthesized by using a simple and green solvothermal method. The developed nanocatalysts are
characterized by XRD, SEM, TEM, EDS, TGA, FTIR, Raman and VSM instruments. The catalytic
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performance of the developed magnetic C@Ni and C@Cu nanocatalysts towards the reduction of
4-NP, MO and MB is carried out in presence of NaBH 4 as a reducing agent. Finally, reusability of
the developed magnetic C@Ni and C@Cu nanocatalysts is tested through several times recycling
and reuse of the catalysts.

Scheme 3.1: Synthesis of Ni-BDC MOF and Ni@C nanocatalyst.
3.2 MATERIALS AND METHODS
3.2.1 Materials
All chemicals were reagent grade and used without further purification. Following
chemicals were used to prepare the magnetic C@Ni and C@Cu nanocatalyst. Terephthalic acid or
benzene-1,4-dicarboxylic acid (BDC), dimethylformamide (DMF), Ni(NO 3 ) 2 .6H 2 O and
Cu(NO 3 ) 2 .2.5H 2 O were purchased from Sigma-Aldrich. Sodium borohydride (NaBH 4 ),
methylene blue, methyl orange and 4-nitrophenol were purchased from Sigma-Aldrich. Deionized
(DI) water was obtained from Milli-Q® instrument, Millipore Corporation.
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3.2.2 Synthesis of Ni-BDC MOF
The Ni-BDC and Cu-BDC MOFs were synthesized by a facile solvothermal method. In a
typical experiment of making Ni-BDC MOF, at first, 720 mg of Ni(NO 3 ) 2 .6H 2 O was dissolved in
10 mL of deionized water and was then mixed with BDC solution of 132 mg BDC in 10 mL DMF.
The resulting solution was then stirred for 15 minutes. Afterward, the solution was placed into a
glass reactor and was closed tightly. The glass reactor was inserted into an oven and heated for 24
h at 100 oC. The glass reactor was cooled down to room temperature, and the light green solid of
Ni-BDC MOF was collected through vacuum filtration followed by washing with water and DMF
for three times. The solid was put in a vacuum oven for 12 h at 110 oC for drying and then was
kept in a glass vial for further use.
3.2.3 Synthesis of Cu-BDC MOF
Cu-BDC MOFs were synthesized by using a similar experimental procedure except
Cu(NO 3 ) 2 .2.5 H 2 O was used instead of Ni(NO 3 ) 2 .6H 2 O. The obtained blue solid of Cu-BDC
MOF was kept in a glass vial.
3.2.4 Synthesis of magnetic C@Ni nanocatalyst
Magnetic C@Ni nanocatalyst was synthesized by direct carbonization of Ni-BDC MOFs
at 600 oC in a furnace under an argon gas flow for 1 h with a heating rate of 5 oC/min. The black
product which was distinct from green Ni-BDC MOFs was taken out from the furnace and cooled
down to room temperature and was kept in a glass vial.
3.2.5 Synthesis of C@Cu nanocatalyst
C@Cu nanocatalyst was prepared by a similar procedure to C@Ni nanocatalyst except CuBDC MOFs were used in place of Ni-BDC MOFs and likewise, the black product which was
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distinct from blue Cu-BDC MOFs was taken out from the furnace and cooled down to room
temperature and was kept in a glass vial.
3.2.6 Typical procedure for catalytic reduction of 4-NP, MO and MB
The catalytic reduction of MB, 4-NP and MO was performed in a quartz cuvette having a
path length of 1.0 cm. In all catalytic reduction experiments, 4 mL of 20 ppm pollutant (MB, 4NP and MO) solution, 1 mg nanocatalyst (C@Ni and C@Cu) and 5 mg NaBH 4 as a reducing agent
were used. Initially, the nanocatalyst was added to the pollutant solution and was subjected to
sonication in a water bath for 2 min. Then NaBH 4 was added to the solution mixture to induce the
catalytic reduction of the pollutants, and the catalytic reduction reaction was continued until the
solution became colorless. The catalytic reduction of the pollutants was monitored by UV-visible
spectroscopy at different time intervals over the range of 200 to 800 nm. The kinetics data for
reduction of 4-NP, MO and MB were obtained by monitoring the absorbance at maximum lambda
of 400, 465 and 660 nm for 4-NP, MO and MB, respectively. The percent reduction of 4-NP, MO
and MB were calculated by the following equation 1.32
% Conversion = (C o -C t /C o ) × 100%

(1)

Where Co and Ct are the concentrations of the pollutants at time 0 and t of the catalytic reduction.
3.3 RESULTS AND DISCUSSION
3.3.1 Analysis of crystalline structure by XRD
The Ni-BDC and Cu-BDC MOF precursors were prepared by a green solvothermal
method. Then the synthesized MOF powders were carbonized directly at 600 oC under an argon
gas flow to obtain magnetic C@Ni and C@Cu nanocatalysts. To analyze the crystalline structure
of the synthesized Cu-BDC and Ni-BDC MOFs as precursors and the corresponding C@Ni and
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C@Cu nanocatalysts, XRD analysis was carried out, at which the crystalline pattern of the
materials, as shown in Figure 3.1(a-b).

Figure 3.1: XRD pattern of (a) Ni-BDC and Cu-BDC MOFs; (b) C@Ni and C@Cu nanocatalysts.

According to the findings shown in Figure 3.1a, Cu-BDC and Ni-BDC MOFs show a very
crystalline property, confirming the successful synthesis of these MOFs.40-41 As it can be seen from
XRD patterns of C@Ni and C@Cu nanocomposites, as shown in Figure 3.1b, Ni-BDC and CuBDC MOFs are completely decomposed to the corresponding nanocomposites, at which the
crystalline peaks of Cu-BDC and Ni-BDC MOFs disappear upon carbonization and new sharp
peaks related to metallic Ni and Cu appear. The sharp signals at around 2Ɵ = 43.6, 50.8 and 74.4
for C@Cu correspond to metallic Cu (JCPDS 04-0836).18 With respect to C@Ni, three sharp
signals at around 2Ɵ = 44.48°, 51.28°, and 76.35°correspond to cubic-phase Ni metal (JCPDS no.
04-0850) and a small signal at around 2Ɵ = 26 related to (002) lattice of graphite carbon.42 These
findings confirm the successful conversion of Cu-BDC and Ni-BDC MOFs to the corresponding
C@Cu and C@Ni nanocatalysts upon carbonization of the MOFs.
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3.3.2 Morphological analysis by SEM and TEM
To study the morphological characteristic of the synthesized Ni-BDC and Cu-BDC MOFs
and the corresponding metal nanocatalysts, SEM and TEM analyses were carried out. The SEM
images of the magnetic C@Ni and C@Cu nanocatalysts along with their corresponding MOFs are
presented in Figure 3.2(a-d). According to the SEM image shown in Figure 3.2a, Ni-BDC MOF is
composed of micron-sized particles. Upon conversion of Ni-BDC MOF to the corresponding
magnetic C@Ni nanocomposites via carbonization process, the morphology of Ni-BDC MOF
undergoes a change, where the nano-sized nickel particles are decorated over the carbon sheets as
shown in Figure 3.2b. Furthermore, the SEM image of Cu-BDC MOF also shows micro size MOF
particles with a needle-like shape as shown in Figure 3.2c. Similar results are found in case of
C@Cu nanocatalyst at which carbonization of Cu-BDC MOF results in the formation of nanosized copper particles over the carbon sheets as seen in Figure 3.2d.

Figure 3.2: SEM micrographs of (a) Ni-BDC MOF; (b) C@Ni nanocatalyst; (c) Cu-BDC MOF;
and (d) C@Cu nanocatalyst.
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TEM microscopic analysis was further performed to investigate the morphology of the prepared
nanocatalysts and their corresponding parent materials, and the findings are shown are in Figure
3.3(a-d). As seen from the TEM images of Ni-BDC and Cu-BDC MOF in Figure 3.3a and Figure
3.3c that the MOF particles are micron in size with a rod like shape morphology. But the
morphology of the MOF particles undergoes a change due to the formation of Ni and Cu
nanoparticles upon carbonization treatment as seen in Figure 3.3b and Figure 3.3d.

Figure 3.3: TEM images of (a) Ni-BDC MOF; (b) C@Ni nanocatalyst; (c) Cu-BDC MOF; and (d)
C@Cu nanocatalyst.

As seen in Figure 3.3b and Figure 3.3d, it is clear that the Ni and Cu nanoparticles are uniformly
dispersed in the porous carbon and most interestingly, all the nanoparticles are wrapped by the thin
porous carbon matrix. This wrapping prevents them from further oxidation and this statement can
be verified by the XRD results as there were no peaks related to nickel oxide or copper oxide
observed in XRD pattern for C@Ni and C@Cu samples. SEM and TEM findings further verify
the successful conversion of Ni-BDC and Cu-BDC MOFs into magnetic C@Ni and C@Cu
nanocatalysts upon carbonization. Moreover, it is noteworthy that the size of metallic Cu and Ni
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formed over the carbon platform is in range of several nanometers. Hence, due to the presence of
catalytic sites with a large surface area and well dispersion of the metallic particles over the carbon
platform, a superior catalytic activity by the developed magnetic C@Ni and C@Cu nanocatalysts
is expected.
3.3.3 Chemical composition analysis by EDS
To determine the chemical composition of the synthesized magnetic C@Ni and C@Cu
nanocatalysts, the samples were subjected to EDS analysis, which the corresponding results are
shown in Figure 3.4(a-d).

Figure 3.4: TEM images of (a) Ni-BDC MOF; (b) C@Ni nanocatalyst; (c) Cu-BDC MOF; and (d)
C@Cu nanocatalyst.

Elemental analysis reveals that the C@Ni nanocatalyst is composed of only C (25.991%) and Ni
(74.009%) as seen in Figure 3.4a. The absence of O in the nanocatalyst sample is due to the fact
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that the metallic Ni doesn’t undergo any oxidation because of their wrapping in the porous carbon
matrix. Similar results were found in case of C@Cu nanocatalyst. Based on the EDS analysis, the
C@Cu nanocatalyst contains only C (23.433%) and Cu (76.567%) as seen in Figure 3.4c. This
nanocatalyst also doesn’t undergo any oxidation as they are well wrapped by the porous carbon
matrix. Moreover, EDS elemental color mapping of each sample was also carried out to see the
elements that are present in the samples. Based on the findings, the magnetic C@Ni nanocomposite
own only C and Ni elements as seen in Figure 3.4b, whereas the C@Cu nanocomposite owns only
C and Cu elements as seen in Figure 3.4d which has a good agreement with the EDS elemental
analysis. These findings further prove the successful conversion of Ni-BDC and Cu-BDC MOFs
into the corresponding magnetic C@Ni and C@Cu nanocomposites.
3.3.4 Raman analysis
Raman analysis of the C@Ni and C@Cu nanocatalysts are shown in Figure 3.5. According
to the findings, carbonization of Ni-BDC MOF results in the formation of carbon as graphite with
D and G bands around 1346 cm-1 and 1583 cm-1, respectively.43 Furthermore, the Raman analysis
of the C@Cu nanocatalyst sample also showed two broad peaks at around 1342 cm-1 and 1576 cm1

for the D and G band of the graphitic carbon. The D band is attributed to disorder-induced mode,

whereas the G band is attributed to E 2g mode from the graphitic or sp2 type carbon.43,44 In Raman
spectra, the relative ratio of the D to G band (I D /I G ) values were 0.88 and 0.78 for magnetic C@Ni
and C@Cu nanocatalysts, respectively demonstrating the crystallization degree of the sp2 or
graphitic carbon. These calculated I D /I G ratio values for magnetic C@Ni and C@Cu nanocatalysts
were comparable to those measured values for rGO and GO (∼1), showing that the high-quality
3D graphitic type carbon was formed. These findings show successful carbonization of the MOFs
and formation of Cu@C and Ni@C nanocatalysts.
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Figure 3.5: Raman spectra of magnetic C@Ni and C@Cu nanocatalysts.
3.3.5 TGA analysis
TGA analysis was carried out at 25 to 1000 oC temperature range to investigate the thermal
stability as well as the percentage loading of the Ni and Cu nanoparticles in the C@Ni and C@Cu
samples along with the MOF samples. According to the TGA analysis shown in Figure 3.6(a-b),
in the case of Cu-BDC and Ni-BDC MOFs, there is a small weight loss at around 100 oC which
can be attributed to dehydration. Furthermore, most of the Cu-BDC and Ni-BDC MOFs
decompose at around 350 oC and 450 oC, respectively, due to the degradation of organic moiety
and the undecomposed part can be ascribed to the metals and their corresponding oxides.45-47
However, in the case of the corresponding magnetic C@Ni and C@Cu nanocatalysts, only a little
change was observed over the studied temperature range. From the thermogram, the calculated
percentage loading of Ni and Cu in the porous carbon were 83.43% and 84.08%, respectively as
shown in Figure 3.6(a-b). Evidently, the metal (Ni/Cu) contents increased during carbonization, while the
carbon content was usually dropped as elevating the temperature. These results show the successful

carbonization of the Cu-BDC MOF and Ni-BDC MOF samples.
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Figure 3.6: TGA curves of Ni-BDC and Cu-BDC MOFs and the corresponding C@Ni and C@Cu
nanocatalysts.
3.3.6 FT-IR analysis
FT-IR analysis was performed to identify the functional groups of the Ni-BDC and CuBDC MOFs along with the nanocatalysts that are derived from them and the results are given in
Figure 3.7(a-b).

Figure 3.7: FT-IR analysis of (a) Ni-BDC MOF and magnetic C@Ni nanocatalyst; (b) Cu-BDC
MOF and C@Cu nanocatalyst.

There is a broad signal at 3440 cm-1 in both MOF samples that is due to the O–H stretching
vibrations for the adsorbed water.48 In both MOF samples, there are two characteristic broad peaks
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for symmetric and asymmetric vibrations of (–COO-) groups at 1398 cm-1 and 1597 cm-1,
respectively indicating the presence of dicarboxylate linker in the MOF samples.49 But all the
characteristic peaks are absent in the C@Ni and C@Cu nanocatalyst samples indicating that the
both MOFs are completely decomposed upon carbonization to form the corresponding
nanocatalysts.
3.3.7 Magnetic Measurement of the C@Ni nanocatalyst
The magnetic properties of the synthesized C@Ni nanocatalyst have been characterized
using vibrating sample magnetometer (VSM) at 300 K.
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Figure 3.8: Magnetization dependence of magnetic field at 300 K for magnetic C@Ni
nanoparticles.
Figure 3.8 shows closed hysteresis loops of the magnetization dependence on magnetic field plot
revealing superparamagnetic behavior of C@Ni nanoparticles. The sample yields saturation
magnetization (MS) of 24 emu/g and coercivity (HC) of 23 Oe. Based on the magnetic results, the
mass ratio of the magnetic materials in the carbon-impeded matrices can be determined by
comparing the MS value of the related bulk Fe yielding 44 wt% of the magnetic Ni in the C@Ni
system.50 Moreover, the magnetic domain size can be obtained from the hysteresis loop by
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calculating the initial slope of the hysteresis loop.51 The analysis yields magnetic domain size of
12 nm for the Fe magnetic core.
3.3.8 Catalytic reduction of 4-NP, MO, and MB over magnetic C@Ni nanocatalyst
To analyze the catalytic performance of the developed magnetic C@Ni nanocatalysts, three
organic pollutants viz. 4-NP, MO and MB were reduced over the nanocatalyst in presence of
NaBH 4 as a reducing agent. The catalytic reduction reactions of MB, MO and 4-NP are presented
in Figure 3.9.
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Figure 3.9: Catalytic reduction of MB, MO and 4-NP over C@Ni and C@Cu nanocatalysts in
presence of NaBH4.

Figure 3.10(a-c) presents the time-dependent UV-vis absorption experiments of 4-NP, MO and
MB reduction reactions, respectively. At first, we tested the magnetic C@Ni nanocatalyst towards
the catalytic reduction of 4-NP. The reduction reaction of 4-NP to 4-AP with reducing agent
NaBH 4 in aqueous medium has been developed as a model reaction in recent times that many
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groups utilized to test catalytic performance. This reduction reaction can be monitored precisely
through UV-vis spectroscopy. It is apparent that the 4-NP solution with NaBH 4 shows a strong
adsorption band at around 400 nm and the shifting of this peak to 300 nm indicating the successful
reduction of 4-NP to 4-AP. The 4-NP solution color was light yellow initially but it turned to deep
yellow upon addition of NaBH 4 .52 Afterward, the color of the solution was changed to colorless
within 1 min after adding the magnetic C@Ni nanocatalyst due to the formation of 4-AP. The
progress of this reaction was measured timely by the UV-vis spectroscopy and the results are given
in Figure 3.10a. As seen from the figure, the reduction reaction of 4-NP proceeded immediately
after the addition of NaBH 4 and nanocatalyst and we collected the UV-vis spectra in every fifteen
seconds. The intensity of the 4-NP peak at 400 nm declined sharply, while the 4-AP peak at 300
nm increased. No other peaks were observed in the UV-vis spectra, demonstrating no side reaction
had occurred during the catalytic reduction of 4-NP. When the adsorption peak for 4-NP was no
longer present and the corresponding solution color changed from dark yellow to a colorless
solution, indicating the catalytic reduction reaction of 4-NP finished. In the case of MO and MB,
it is obvious that their reduction occurred instantly upon the addition of magnetic C@Ni
nanocatalyst and NaBH 4 as seen in Figure 3.10(b-c). The decolorization of MO and MB was also
finished in about 1 min. These findings indicate that the developed nanocatalyst is liable for the
probable cleavage of the chromophoric group or N=N double bond that is present in MO and MB
resulting in the decolorization of the solutions. The adsorption maxima were considered at 465 nm
and 660 nm for MO and MB, respectively for the catalysis experiments and the change in
absorbance according to these values was monitored over time. The formation of the aromatic
compounds due to the reduction of MO and MB can be noticed as the new peaks are observed in
the UV-vis spectra over reaction time.
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Figure 3.10: Time dependent UV-vis spectra of (a) 4-NP; (b) MO; (c) MB; and (d) ln (Ct/Co) vs
reaction time plot for catalytic reduction of 4-NP, MO and MB by magnetic C@Ni.

Further, the kinetics of the catalytic reduction reactions were analyzed to get more information
about the catalytic performance of the newly prepared magnetic C@Ni nanocatalyst and the results
are given in Figure 3.10d and Table 3.1. In the studied catalytic reduction reactions, the NaBH 4
concentration was higher than the pollutants and hence, it can be taken as a constant over the
reaction time. Therefore, the pseudo-first order kinetic model can be used to calculate the apparent
rate constant and the kinetic equation can be expressed by the following equation 2.52
ln(C t /C o ) = -kt

(2)

Where C 0 and C t is the concentration of pollutant solution at time 0 and t, k is the apparent rate
constant and t is the time. The calculated rate constants for the catalytic reduction of 4-NP, MO,
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and MB were found to be 0.075 s-1, 0.123 s-1, and 0.114 s-1, respectively which is higher than many
other catalysts reported in literature.42,53,54
Table 3.1: Kinetics of catalytic reduction of 4-NP, MO and MB by magnetic C@Ni and C@Cu
nanocatalysts.

Catalyst

C@Ni

C@Cu

Pollutants

Amount of
Catalyst

Reaction
Time

Rate
Constant

Yield
(%)

Correlation
Coefficient

4-NP

1 mg

60 Sec

0.075 s-1

98.25

0.898

MO

1 mg

60 Sec

0.123 s-1

99.90

0.977

MB

1 mg

60 Sec

0.114 s-1

99.84

0.943

4-NP

1 mg

60 Sec

0.059 s-1

95.35

0.859

MO

1 mg

60 Sec

0.062 s-1

96.84

0.894

MB

1 mg

60 Sec

0.089 s-1

99.33

0.943

3.3.9 Catalytic reduction of 4-NP, MO, and MB over C@Cu nanocatalyst
In order to examine the catalytic performance of the prepared C@Cu nanocatalyst, again
the 4-NP, MO and MB pollutant solutions were used as the input for the catalytic reduction
reaction. As seen in Figure 3.11a, the adsorption band at 400 nm decreased significantly within 1
min after the addition of nanocatalyst and NaBH 4 , and at the same time, a new adsorption peak
was appeared at 300 nm which is due to the conversion of 4-NP to 4-AP. Furthermore, the C@Cu
nanocatalyst was then tested for the catalytic reduction of MO in presence of NaBH 4 and the results
are given in Figure 3.11b. From the figure, it is clear that the adsorption maxima at 465 nm was
also decreased drastically within 1 min once the nanocatalyst and reducing were added to the MO
solution while introducing a new peak in UV-vis spectra which is due to the formation of hydrazine
derivatives as a reduced product of MO. Further, another dye solution, MB was also tested and the
results are presented in Figure 3.11c.
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Figure 3.11: Time dependent UV-vis spectra of (a) 4-NP; (b) MO; (c) MB; and (d) ln (Ct/Co) vs
reaction time plot for catalytic reduction of 4-NP, MO and MB by C@Cu.

As seen in the figure, the adsorption peak for MB at around 660 nm was also diminished quickly
in 1 min upon the addition of C@Cu and NaBH 4 while showing some new peaks in UV spectra
for the leuco MB formation from the reduction reaction. After observing the obtained results, it
can be noted that the conversion of 4-NP to 4-AP, MO to hydrazine derivatives and MB to leuco
MB were completed. The apparent rate constants were also calculated for the catalytic reduction
of 4-NP, MO and MB by using equation 2 from the kinetic study as seen in Figure 3.11d. The rate
constants for reduction of 4-NP, MO, and MB were found to be 0.059 s-1, 0.062 s-1, and 0.089 s-1,
respectively and the corresponding results are presented in Table 3.1. Based on our findings, these
rate constant values are higher than many other previously reported catalysts.42,53,54 These findings
show highly efficient catalytic nature of the developed magnetic C@Ni and C@Cu nanocatalysts.
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The catalytic reduction reactions of 4-NP, MO and MB were also performed in this current study
in presence of only NaBH 4 without using any nanocatalyst and the corresponding results are
presented in Figure 3.12.

Figure 3.12: Catalytic reduction of (a) 4-NP, (b) MO and (c) MB in presence of only NaBH4.

As seen in Figure 3.12, it is clear that the NaBH 4 has only negligible effect on the catalytic
reduction of all studied pollutants. While comparing our prepared C@Ni and C@Cu nanocatalysts
with the previously reported nanocatalysts for the 4-NP, MO and MB catalytic reduction reactions,
all the other nanocatalysts are either precious noble metal based and highly expensive or they
required a longer time to complete the reduction reactions. Furthermore, the conditions for our
reduction reaction system are very convenient, simple, ultrafast with a good percentage yield and
the synthesis procedure for making C@Ni and C@Cu nanocatalysts are environmentally friendly.
3.3.10 Mechanism of catalytic reduction
A possible mechanism for catalytic reduction of 4-NP by NaBH 4 and magnetic C@Ni
nanocatalysts is shown in Figure 3.13. BH 4 - has a low standard redox potential of -1.2Eo/V which
as a strong reducing agent is capable to reduce a broad range of substrates including organic
pollutants.55 However, it shows a limited reducing activity toward anionic contaminants such as
4-NP, deriving from a charge-charge repulsion between the reducing agent (BH 4 -) and the
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negatively charged pollutant molecules. In fact, in the presence of water, NaBH 4 generates sodium
hydroxide, as shown below, which makes the solution basic and deprotonate the pollutant
molecules generating negatively charged species which result in an electronic repulsion between
BH 4 - species, lowering reduction performance.
NaBH 4 + H 2 O

NaOH + H 3 BO 3 + 4H 2

However, the anionic pollutants reduction by NaBH 4 proceeds very well in the presence of
metallic catalysts. The probable mechanism for the catalytic reduction of 4-NP by NaBH 4 in
presence of the magnetic C@Ni nanocatalyst is suggested as follows (1) at first, the BH 4 - is
chemisorbed on the surface of the C@Ni nanocatalyst or the binding of 4-nitrophenolate anion to
the nanocatalyst surface is happened by anchoring the two oxygen atoms of the nitro group, (2)
and then the electrical reaction between the 4-nitrophenolate anion and BH 4 - is occurred on the
C@Ni nanocatalyst surface. The surface of the Ni nanocatalyst is assumed to play a vital role to
connect the two adsorbates electrically across the catalyst surface in a way so that the electrons
can be transported to the reduction site from the oxidation site.56 Ma et al. have proposed that the
Langmuir–Hinshelwood mechanism can explain the catalytic reduction reaction of 4-NP well
including the dissociative sorption of solutes onto the nanocatalyst surface followed by the reaction
between the adsorbed species.57 Furthermore, a recent report discovered that the metals with an
electronic configuration of dn (~5-9) were found to show excellent catalytic performance for the
reduction of 4-NP, which has a good agreement with Ni (d8).58
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Figure 3.13: A possible mechanism for catalytic reduction of 4-NP over magnetic C@Ni
nanocatalysts.
3.3.11 Reusability of magnetic C@Ni and C@Cu nanocatalysts
Reusability of the developed magnetic C@Ni and C@Cu nanocatalysts was tested by
recycling the used catalysts for five consecutive cycles at which the results are shown in Figure
3.14(a-b). According to the findings, the catalytic activity of the developed C@Ni and C@Cu
nanocatalysts only slightly decreased by ~ 3% and ~ 6%, respectively through reusing the
nanocatalysts. The slight decrease of the reduction performance of the nanocatalysts in consecutive
cycles may be due to their weight loss during the recovering and washing processes, and also the
active sites of the nanocatalysts might be blocked by the reaction products during the consecutive
cycles. We assume that the magnetic property of the prepared C@Ni nanocatalyst which enables
them to be magnetically separable could play a major role for their higher performance in the
reusability test as compared to the C@Cu nanocatalyst.
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Figure 3.14: Recycling of magnetic C@Ni and C@Cu nanocatalysts for the catalytic reduction of
4NP, MO and MB by NaBH4.

These findings also confirmed the very stable nature of the developed nanocatalysts which denotes
them as promising catalysts for catalytic reduction reactions.
3.4 CONCLUSION
Magnetic C@Ni and C@Cu nanocatalysts are synthesized successfully by annealing NiBDC and Cu-BDC MOFs at 600 oC under argon atmosphere. XRD analysis showed the conversion
of peaks related to Cu-BDC and Ni-BDC MOFs to the corresponding C@Cu and C@Ni
nanocatalysts and morphological analysis by SEM and TEM illustrated the formation of nanoscale
metallic Cu and Ni particles over porous carbon sheets upon annealing. TGA showed successful
carbonization of the MOFs and enhanced resistance to thermal decomposition of the magnetic
C@Ni and C@Cu nanocatalysts compared to the parental MOFs. The resulting catalysts were used
in NaBH 4 -mediated reduction of 4-nitrophenol (4-NP), methylene blue (MB), and methyl orange
(MO) as model organic compounds. Using the developed C@Ni and C@Cu nanocatalysts, 4-NP,
MO and MB were reduced to the corresponding organic molecules in about 60 seconds, showing
the highly efficient nature of C@Ni and C@Cu catalysts. Reusability of the developed C@Ni and
C@Cu catalysts was tested by recycling and reusing the catalysts for five cycles, at which no
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considerable reduction in the performance of the catalysts was observed after the fifth cycle
showing highly stable nature of the developed catalysts.
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Chapter 4: Tissue paper-derived hierarchically porous carbon encapsulated transition metal
nanocatalysts for the oxidative degradation of organic pollutants via peroxymonosulfate
activation
4.1 INTRODUCTION
The scarcity of drinking water has turned into a serious issue around the world due to the
current water pollution problems which seem to be the most challenging matter in recent times.1-3
Water contamination has numerous harmful effects on the environment and ecology.3-5
Particularly, industrial organic dyes that are present in wastewater are making a challenge for water
decontamination due to their recalcitrance and toxicity.6, 7 Over the years, many conventional water
treatment methods have been extensively used for alleviating water pollution. In recent times,
advanced oxidation processes, also known as AOPs have drawn immense attention due to their
environmental friendliness and effectiveness for the degradation or mineralization of organic
contaminants in the aquatic environment

8, 9

. Generally, these processes involve superoxides and

oxidants such as hydroperoxide, oxygen, ozone and numerous radicals that are able to destroy the
target organic pollutants to harmless species8, 10. Hydroxyl radicals are mostly observed in the
AOPs including ozonation, Fenton reaction and UV oxidation due to their superior oxidation
capability towards the organic contaminants with almost no selectivity. Thus far, the drawbacks
associated with most of the hydroxyl radical based Fenton reactions such as metal leaching, narrow
pH (∼3) condition and excess sludge production, are the bottleneck limits10, 11. Comparably, sulfate
radicals offer an outstanding alternative to the hydroxyl radicals due to their higher oxidation
potential of about 2.5–3.1 V than the hydroxyl radicals that have a potential value of 2.7 V12, 13.
Similar to Fenton like oxidation processes, the sulfate radicals can also be generated by activating
peroxymonosulfate (PMS) through different activation methods including heating, UV-light
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irradiation, carbon catalysis, transition metal and metal oxide-based catalysis for the degradation
of organic pollutants9, 14-16.
Among different activation technologies, transition metals have attracted much attention
due to their lower energy consumption and higher activation efficiency. Many transition metals
such as Co, Fe, Ce, Mn, Ru, and Ni, etc. have been reported as efficient catalysts for the activation
of PMS and as far, cobalt metal has shown the best activity towards the activation of PMS11.
Unfortunately, the Co/PMS system is unfavorable in terms of the practical applications due to the
toxicity of cobalt17, 18. Furthermore, it is also easy for these metal particles to aggregate between
themselves because of the intersheet van der Waals forces and higher surface energy, which greatly
restricts their applications in catalysis. Moreover, the metal NPs are inevitably sintered at higher
temperatures, leading to a severe decrease in their catalytic performance and selectivity18. Thus,
the preparation of supported metal nanocatalysts with outstanding high-temperature stability is a
significant challenge. An effective approach to get rid of the secondary pollution due to the metal
leaching as well as to improve the catalytic performance and stability of the metal nanoparticles is
to utilize the heterogeneous catalytic system by using solid support to encapsulate them.
Porous carbons are widely used as solid carriers among others such as alumina, pumice,
NaCl crystal, polymer nanoparticle, mesoporous silica, etc. for capturing or loading nanoparticles,
restraining them from agglomeration and also improving the interactions between the carriers and
guest species due to their large surface area, multiple pore size distribution, good surface
functionality, notable chemical stability and high conductivity19-22. Therefore, the porous carbon
can be employed as a promising solid support material to disperse and stabilize metal nanoparticles
to enhance their activity for catalytic reactions. Finally, the unique architecture of porous carbon
and the outstanding catalytic activity of the transition metal NPs together offer a potential and
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green heterogeneous catalytic system having porous carbon as promising solid matrix to
judiciously decorate metal NPs over its porous surface. To date, many synthesis approaches
including chemical vapor deposition, arc-discharge and explosion method have been employed to
prepare carbon-coated metal NPs23-25. Most of them are time-consuming, use sophisticated
instruments and require high energy consumption. Furthermore, many carbon-based solid supports
such as carbon nanotubes, graphene oxide and graphene are also not suitable in this regard due to
their high production cost, multi-step synthesis procedure and usage of harsh chemicals during
their synthesis process26-28. Therefore, it is very much needed to design a simple and green
synthesis method to make porous carbon encapsulated metal NPs.
To overcome the aforementioned problems, we have used commercial tissue paper as a
carbon source to synthesize porous carbon encapsulated transition metal-based green and
sustainable heterogeneous nanocatalysts (M@TP). The catalytic performance of the assynthesized M@TP nanocatalysts is evaluated for the oxidative degradation of congo red (CR)
dye via peroxymonosulfate activation as it is always identified as an organic pollutant in
wastewater. A series of catalytic experiments are performed to investigate the effect of the newly
developed catalytic system for CR degradation and mineralization. Specially, the metal loading
type on the porous carbon and operating parameters including initial dye concentration,
nanocatalyst dosage, PMS concentration, reaction temperature and different types of dyes are
studied. Furthermore, several radical scavengers are used to identify the main reactive species and
a possible reaction mechanism is proposed for the CR degradation according to this quenching
test. Finally, the catalytic degradation reactions are run in four cycles to examine the reusability
and stability of the Co@TP nanocatalysts for CR degradation through PMS activation. To the best
of our knowledge, this is the first example of hierarchically porous carbon-encapsulated metal-
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based nanocatalysts using commercial tissue paper template with remarkable catalytic CR dye
degradation yields.

Scheme 4.1: Synthesis of M@TP nanocatalysts and their applications for water treatment.

4.2 MATERIALS AND METHODS
4.2.1 Materials
All of the chemicals were used as received without any further purification. Commercial
tissue paper was purchased from a local store. Peroxymonosulfate (Ozone), ammonium
peroxydisulfate (PDS), hydrogen peroxide (H 2 O 2 ), sodium chloride (NaCl), congo red (CR),
methyl orange (MO), methylene blue (MB), iron nitrate (Fe(NO 3 ) 2 .6H 2 O), cobalt nitrate
(Co(NO 3 ) 2 .6H 2 O), nickel nitrate (Ni(NO 3 ) 2 .6H 2 O), copper nitrate (Cu(NO 3 ) 2 .2.5H 2 O),
methanol, ethanol, tert-butanol and 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) were obtained
from Anachemia, Aldrich, Fisher Scientific, Sigma Aldrich, and Sigma. Deionized (DI) water was
used from the Milli-Q® instrument (Millipore Corporation).
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4.2.2 Synthesis of tissue paper derived carbon encapsulated metal nanocatalysts, M@TP
(M= Cu, Ni, Fe and Co)
At the very beginning, 1.5 g of tissue paper was measured and cut into small pieces. Then
3 g of cobalt nitrate salt was measured and dissolved in 10 mL of DI water in a 250 mL beaker.
Afterward, the small pieces of tissue paper were soaked well in the cobalt salt solution until all of
the tissue pieces were colored. Then the beaker was heated at 100 oC on a hot plate to evaporate
the water. Finally, all of the dried tissue pieces were taken into a ceramic boat and then placed into
a tubular furnace. The samples were carbonized at three different temperatures viz. 600, 700 and
800 oC for 2 h under an argon atmosphere in that furnace. The heating rate was 5 °C/min for all of
the carbonization treatments. After normal cooling to room temperature, the sample was taken out
from the furnace. The samples are referred to as Co@TP-6, Co@TP-7 and Co@TP-8 depending
on the carbonization temperatures such as 600, 700 and 800 oC, respectively. For comparison, we
further synthesized tissue paper derived carbon encapsulated Fe (Fe@TP-600, Fe@TP-700 and
Fe@TP-800), Ni (Ni@TP-600, Ni@TP-700 and Ni@TP-800) and Cu (Cu@TP-600, Cu@TP-700
and Cu@TP-800) nanocatalysts by replacing Co2+ with Fe2+, Ni2+ or Cu2+ following the same
synthesis procedure as mentioned earlier. The synthesis process is shown in Scheme 4.1. As a
control, cobalt nitrate salt was only carbonized at 600 0C for 2 h and also, mixture of cobalt nitrate
salt and tissue paper were annealed in air at 600 0C for 2 h, whereas, both of them produced cobalt
oxide NPs.
4.2.3 Catalytic degradation tests
Unless specified otherwise, all catalytic degradation experiments were conducted in a 50
mL glass vial containing 40 mL dye solution placed on a stirring plate at 300 rpm constant stirring
under ambient conditions at room temperature. In a typical experiment, 10 mg of nanocatalyst was
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added to the 40 mL of 20 ppm CR dye solution. Before the reaction, the glass vials of having
nanocatalysts and dye solutions were bath sonicated for 15 min to reach the adsorption-desorption
equilibrium. Then, 0.5 mL of 5 mM PMS solution was added to the dye solution to initiate the
catalytic degradation reaction. Once the reaction started, 1 mL of dye solution was withdrawn in
every 5 min from the glass vial using a 0.45 μm syringe filter and then mixed with 1 mL of
methanol to quench the active radicals. Afterward, the remaining concentration of the dyes was
determined using a Uv-vis spectrophotometer (Model: Agilent Cary 50 Conc) at λ = 497 nm, 465
nm and 616 nm for CR, MO and MB, respectively. Furthermore, 5 mL of CR dye solution was
taken after the degradation reaction for the ICP-OES analysis to identify the leaching amount of
metal. Temperature study was performed in an oil bath having a 40 mL of 50 ppm CR dye solution
and 10 mg nanocatalyst in a glass vial at different temperatures viz. 45 oC and 55 oC. After each
run, the nanocatalyst was recovered using an external magnet and washed with DI water for several
times before drying in a vacuum oven at 60 °C for reuse. The experiments of the reused
nanocatalyst were performed under the same experimental conditions. For the quenching tests, a
known amount of methanol and tert-butanol was added to the CR dye solution before adding PMS.
The degradation efficiency of CR dye using the M@TP/PMS system was evaluated by using
equation 1.20
Degradation efficiency =

Ci −Ct
Ci

× 100(%)

(1)

The catalytic degradation of CR dye was assessed by using the following pseudo-first order
kinetic equation 2.20
ln (C t /C i ) = -Kt
(2)
Where C i and C t are the concentrations of CR dye at time 0 and t, respectively, t is the reaction
time and K is the pseudo-first order reaction rate constant.
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4.3 RESULTS AND DISCUSSION
4.3.1 XRD pattern of M@TP nanocatalysts
In this work, M@TP nanocatalysts were synthesized by a novel and green hydrothermal
method using tissue paper as a sacrificial template. The crystallinity and phase purity of the
prepared nanocatalysts were evaluated by XRD technique and the results are shown in Figure
4.1(a-d). Figure 4.1a shows the XRD patterns of the Co@TP-(6/7/8) nanocatalysts at different
carbonization temperatures and the results show that each sample are composed of three broad
peaks at around 44.2⁰, 51.53⁰ and 75.86⁰ demonstrates the diffraction from the 111, 200 and 220
crystallographic planes. The obtained peak locations as well as the corresponding diffraction
intensities from different lattice planes indicate the formation of face center cubic structure (fcc)
of crystalline Co phase.29 Furthermore, any specific diffraction peaks related to the cobalt oxide
ware not observed in the XRD pattern confirming the presence of pure metallic phase of the cobalt
in the nanocatalyst sample. The XRD patterns of the Ni@TP-(6/7/8) nanocatalysts are presented
in Figure 4.1b and it can be clearly observed that all of the Ni@TP nanocatalysts exhibit three
broad peaks at 44.48°, 51.28°, and 76.35° revealing the formation of fcc structure of the crystalline
nickel phase without impurities such as nickel oxide based on the JCPDS card no. 04-0850.20 On
the other hand, the XRD pattern of the Fe@TP-6 nanocatalyst showed diffraction bands at around
30o, 35o, 43o, 57o and 63o indicating the formation of iron oxide instead of metallic iron as seen in
Figure 4.1c.30 Furthermore, the XRD pattern of the Fe@TP-7 nanocatalyst displayed three major
diffraction peaks at around 44.8° and 65.1° due to the presence of pure iron metallic phase with
some additional peaks for iron oxide.31 However, the XRD analysis of the Fe@TP-8 nanocatalyst
showed only three peaks associated with the metallic iron indicating the successful synthesis of
pure metallic iron nanoparticles at 800 oC.
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Figure 4.1: (a-d) XRD patterns of the Co@TP-(6/7/8), Ni@TP-(6/7/8), Fe@TP (6/7/8) and
Cu@TP-(6/7/8) nanocatalysts, respectively.
These results suggest that the carbonization temperature at 600 and 700 oC is not enough to
complete the phase transformation. Moreover, the XRD pattern of the Cu@TP-(6/7/8)
nanocatalysts showed three characteristic peaks at around 43.6, 50.8 and 74.4o that are attributed
to the pure metallic copper phase as seen in Figure 4.1d. The reflection peaks of Cu@TP
nanocatalysts that are indexed to 111, 200 and 220 can be ascribed to the face centered cubic phase
of metallic copper.20 Figure 4.1(a-d) also reveals that the carbonization process at different
temperatures viz. 600, 700 and 800 oC might produce different crystallinity of the as-synthesized
M@TP nanocatalysts including the peaks intensity. As seen in the XRD patterns, the nanocatalysts
that are prepared at 800 0C possess the highest peak intensity as compared to the other
nanocatalysts prepared at 600 and 700 oC indicating their high crystallinity. This behavior has been
stated by Torad and co-workers. The presence of a single metallic phase (Co/Ni/Fe/Cu) in our
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M@TP nanocatalysts in this study proves that all metal species were wrapped and well-distributed
by residual porous carbon layer that helps to protected them from any oxidation.
4.3.2 Raman spectra of M@TP nanocatalysts
Raman spectroscopic analysis was further performed to investigate the degree of
graphitization and defect level of the as-synthesized M@TP nanocatalysts. The obtained results
are presented in Figure 4.2 and as seen from the Figure, two characteristic peaks are observed at
around 1340 cm−1 and 1583 cm−1 for the D and G bands, respectively.31 Generally, the D band
characterizes the disorder arrangement or the defects of the carbon atoms, whereas, the G band
represents the E 2g vibration mode of the sp2-hybridized carbon.

Intensity (a.u.)

Cu@TP-6

Fe@TP-8
Ni@TP-6
Co@FTC-6

750

1000

1250
1500
1750
Raman shift (cm-1)

2000

Figure 4.2: Raman analysis of the Co@TP-6, Ni@TP-6, Fe@TP-8 and Cu@TP-6 nanocatalysts,
respectively.

Thus, the intensity ratio of the D and G band (I D /I G ) can be considered as an important factor to
signify the atomic ordered degree (such as relative degree of graphitization) of the carbon
materials. Raman spectra of all the nanocatalysts revealed that the intensity of the D band is lower
than that of the G band, indicating the presence of sp2 hybridized carbon species in graphitized
pore walls. The I D /I G values for the M@TP nanocatalysts are found to be in the range of 0.940.98. These obtained I D /I G values are comparable to those I D /I G values of reduced graphene oxide
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and graphene oxide (~1), indicating the formation of high quality three-dimensional graphitic
carbon.31, 32
4.3.3 TGA analysis of M@TP nanocatalysts
The quantity of metal loading per gram of nanocatalyst can affect the catalytic activity of
the M@TP nanocatalysts. In this regard, TGA analysis was carried out to quantify the relative
amount of metals in the M@TP nanocatalysts system. The TGA analysis of the nanocatalyst
samples was performed at 25–800 °C under N 2 condition and the results are presented in Figure
4.3.
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Figure 4.3: TGA analysis of the Co@TP-6, Ni@TP-6, Fe@TP-8 and Cu@TP-6 nanocatalysts,
respectively.

The TGA analysis of the M@TP nanocatalysts displayed a slight change over the whole
temperature range due to the presence of higher metallic content. The obtained metal loading was
82-86% in the M@TP nanocatalysts. It was also observed from the Figure that the nanocatalyst
samples could stable up to 400 oC. This thermally stable characteristics of the prepared
nanocatalysts made them a potential candidate to be employed in a broad range of high temperature
catalytic applications.
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4.3.4 TEM and STEM analysis of M@TP nanocatalysts
The carbonization process structurally transformed the soaked tissue paper with metal salts
structure to M@TP nanocatalyst’s 2D structure by reducing the metal ions through carbothermal
reduction process at high temperature and then fused them to get metallic nanoparticles and porous
carbon matrix which was observed by the TEM analysis as shown in Figure 4.4(a-l). The analysis
revealed that all of the metal nanoparticles (Co/Ni/Fe/Cu) are well deposited in the porous carbon
matrix. It was not observed any serious particle agglomeration in the M@TP nanocatalyst samples
that are prepared at 600 oC and 700 oC. But significant particles sintering was observed in the
M@TP nanocatalysts that are prepared at 800 oC. Furthermore, it was also observed that the
particle size of the nanocatalysts increase with increasing carbonization temperature. In all cases,
the particle size of the M@TP-6 nanocatalysts are smaller than the M@TP-7 and M@TP-8
nanocatalysts due to the fact that the lower temperature favors the slower particle nucleation. The
increase in carbonization temperature might endorse faster metal nanoparticle nucleation as we
found in the M@TP-7 nanocatalysts that exhibited somewhat larger particles and the M@TP-8
nanocatalysts showed extensive particle sintering with higher particle size than M@TP-6 and
M@TP-7 nanocatalysts as predicted. In conclusion, this porous carbon matrix acted not only as a
support but also a protective layer for the metal NPs that could protect the NPs from further
oxidation. Furthermore, the STEM-EDS color mapping experiment was carried out to identify
qualitatively the composition of the Co@TP-6 nanocatalyst and the results are presented in Figure
4.5(a-c). As seen, the color mapping of the Co@TP-6 confirmed the presence of carbon and cobalt
in the nanocatalyst as expected. A close investigation of the STEM image of the Co@TP-6
nanocatalyst revealed that the cobalt NPs exhibited clear lattice fringes in scanning transmission
electron microscopy (STEM) images with spacing of 0.204 nm as seen in Figure 4.5(d-e),
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Figure 4.4: (a-l) TEM images of the Co@TP-(6/7/8), Ni@TP-(6/7/8), Fe@TP (6/7/8) and Cu@TP
(6/7/8) nanocatalysts, respectively.

consistent with a face centered cubic cobalt structure demonstrating the highly crystalline nature
of the prepared NPs.33
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Figure 4.5: (a-c) STEM-EDS color mapping images of the Co@TP-6 nanocatalyst, [signal from
carbon is yellow and cobalt is blue]; and (d-e) STEM images of the Co@TP-6
nanocatalyst at lower and higher magnification.
4.3.5 XPS analysis of M@TP nanocatalysts
X-ray photoelectron spectroscopy was carried out to unravel the chemical surface states of
the carbon-encapsulated transition metal nanoparticles (Figure 4.6). The survey spectra showed
that all the nanocatalysts exhibit C, O and the corresponding metal signals, indicating the
successful inclusion of the transition metals into the porous carbon network, as seen in Figure
4.6(a-d). Ni@TP-6 nanocatalysts displayed two well-defined nickel species, which were
deconvoluted in two bands at 853 and 870.2 eV for the Ni2+ contribution and, 856.4 and 875 eV
for the pure metallic phase (Figure 4.6e). The Co- and Cu-based nanoparticles were further
analyzed. There were two remarkable Co 2p 2/3 and Cu 2p 2/3 peaks, located at 778 and 934 eV,
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respectively, which revealed the presence of both metallic and oxide states in the nanoparticle
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Figure 4.6: (a-d) XPS survey spectra of Ni@TP-6, Co@TP-6, Cu@TP-6 and Fe@TP-6,
respectively; and Fitting (e) Ni 2p, (f) Co 2p, (g) Cu 2p and (h) Fe 2p envelopes of
the nanocatalysts.
Importantly, the Fe 2p XPS band revealed that the Fe@TP-6 nanoparticles are mainly in the form
of iron oxide, predominantly Fe2+ and Fe3+ species (Figure 4.6h), which could decrease the electron
mobility across the nanoparticle surfaces, and in turn, their overall catalytic performance. In
summary, after the fitting of the M 2p envelopes, we concluded that the zero-valent Ni, Co and Cu
species have the larger atomic concentrations in the Ni@TP-6, Co@TP-6 and Cu@TP-6
nanocatalysts, while the Fe@TP-6 nanoparticles are mainly in the form of iron oxide species [3,
23, 31, 38].
4.3.6 Oxidative degradation of CR by M@TP nanocatalysts
Oxidative degradation of CR is chosen as a model reaction to systematically evaluate the
catalytic activity of the as-synthesized M@TP nanocatalysts. Transition metals mediated
activation of PMS is one of the most economic and easy method than other activation methods.
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Furthermore, the PMS oxidant can generate both sulfate and hydroxyl radicals because of its
unsymmetrical peroxide, thereby integrating the properties of both H 2 O 2 and persulfate (PS), as
seen in equations (3-4).13, 34
HSO 5 ─ + Mn+ → M(n+1)+ + SO 4 ●− + OH─

(3)

HSO 5 ─ + Mn+ → M(n+1)+ + SO 4 2− + ●OH

(4)

Therefore, four different transition metals (Co, Ni, Fe and Cu) were employed in this study to
evaluate their reactivity towards the activation of PMS for CR dye degradation and the results are
presented in Figure 4.7. As seen in Figure 4.7a, it is clear that the transition metals or PMS by
itself had a very slight effect on the CR degradation. But a significant effect was observed when
they were added together for the catalytic degradation reaction and the obtained results illustrated
that the higher CR dye degradation was achieved by the Co-TP/PMS system followed by the FeTP/PMS > Cu-TP/PMS > Ni-TP/PMS system. It was observed from the Figure that the CR
degradation efficiencies were about to 78.23%, 65.72% and 56.76% for the Fe-TP/PMS, CuTP/PMS and Ni-TP/PMS systems, whereas, the Co-TP/PMS system could able to degrade the CR
of about 97.68% in 30 min. The standard reduction potential (SRP) values of these transition
metals can be used to explain this fact. The SRP values of Ni2+/Ni, Cu2+/Cu+ and Fe3+/Fe2+ are
lower [(−0.25 V), (+0.153 V) and (+0.77 V), respectively] as compared to the corresponding
Co3+/Co2+ (+1.92 V) demonstrating that they cannot be efficiently reduced by PMS.35 On the other
hand, the cobalt metal is capable of getting an effective self-recycling of the Co2+ for the CR
degradation reactions till the PMS oxidant has been consumed completely due to its higher SRP
value. The corresponding reaction rate constants are presented in Figure 4.7c and Figure 4.8, as
seen the Co-TP/PMS system showed higher rate constant value of 0.109 min-1 as expected. These
obtained results suggested that the Co-TP/PMS system is an effective method for the degradation
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of organic pollutants from wastewater. Two other oxidants such as peroxydisulfate (PDS) and
hydrogen peroxide (H 2 O 2 ) were also employed for the catalytic oxidative degradation of CR dye
as they are also widely used oxidants in AOPs to evaluate the catalytic oxidation activity of the
Co@TP-6 nanocatalyst. The results are presented in Figure 4.7b. As seen, it was observed that
both of the Co@TP@-6/PDS and Co@TP@-6/H 2 O 2 systems could able to degrade the CR dye
but the degradation efficiency is very less compared to the Co@TP@-6/PMS system. In order to
further evaluate the difference among the PMS, PDS and H 2 O 2 oxidants in regards to the catalytic
oxidation performance, the pseudo-first order kinetic model as described in equation 2 was
employed and the obtained rate constant (0.1096 min-1) for Co@TP@-6/PMS system is almost
five-fold higher than the Co@TP@-6/PDS system (0.0231 min-1) and eight-fold higher than the
Co@TP@-6/H 2 O 2 system (0.0142 min-1). These findings suggest that the Co@TP-6 nanocatalyst
is more efficient in activating PMS compared to PDS and H 2 O 2 . A comparative study was also
performed for the catalytic degradation of CR dye using different cobalt based nanocatalysts
namely Co@TP-6, Co@TP-7 and Co-TP-8 to investigate the effect of carbonization temperature
at which the nanocatalysts were prepared and the results are presented in Figure 4.7c. The results
demonstrated that the carbonization temperature has an effect on the catalytic performance of the
prepared Co@TP nanocatalysts. As seen, the cobalt nanocatalyst sample that is prepared at 600 oC
has the highest catalytic activity for CR degradation than the other cobalt nanocatalysts that are
prepared at 700 oC and 800 oC. The degradation efficiency decreased from 97.68 to 86.26% and
the corresponding rate constant was decreased from 0.109 to 0.065 min-1 when the carbonization
temperature was increased from 600 oC to 800 oC.
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Figure 4.7: (a) Effect of different M@TP nanocatalysts on the CR degradation with or without
PMS; (b) catalytic degradation of CR dye using Co@TP-6 nanocatalyst and different
oxidants (PMS/PDS/H2O2); (c) effect of carbonization temperatures on the PMS
mediated degradation of CR in case of Co@TP nanocatalysts [inset: the reaction rate
constants for the corresponding degradation reactions]; (d) nitrogen adsorption–
desorption isotherms of the Co@TP-(6/7/8) nanocatalysts; (e-i) effects of
nanocatalyst dosage, PMS dosage, initial CR concentration, reaction temperature and
different dyes on the CR degradation using Co@TP-6 nanocatalyst [Unless specified
otherwise, Reaction condition:40 mL of 20 ppm CR solution, 10 mg nanocatalyst, 5
mM oxidant solution and room temperature and each experiment were repeated for
three times].

The catalytic performance of the nanocatalysts is strongly dependent on their textural properties
such as porosity and specific surface area. The nanocatalyst with higher specific surface area has
larger pores and thereby, can provide more active sites for catalytic degradation reaction. The N 2
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adsorption/desorption experiments were performed to further study the surface properties of the
Co@TP nanocatalysts and the results are presented in Figure 4.7d. As seen, the N 2 adsorptiondesorption isotherms of the Co@TP nanocatalysts showed a typical type IV isotherm with a
hysteresis loop. Furthermore, the BET surface areas of the Co@TP-6, Co@TP-7 and Co@TP-8
nanocatalysts were 12.01, 4.08 and 0.78 m2g-1, which demonstrated that the carbonization
temperature has a significant effect on the specific surface area. According to the obtained results,
the surface area of the Co@TP nanocatalysts decreased while increased the carbonization
temperature and here, the Co@TP-6 nanocatalyst sample could provide more catalytic active sites
for having higher surface area which is consistent with the observed results in the catalytic
degradation of CR. Likewise, the Co@TP-6 nanocatalyst had also a larger pore volume of 0.0182
cm3g−1 than the Co@TP-8 nanocatalyst (0.0007 cm3g−1). Based on the findings, the Co@TP-6
nanocatalyst can be a good and potential candidate for PMS activation due to their higher pore
volume and surface area. Similar trends were observed for both Cu@TP and Ni@TP nanocatalysts
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Figure 4.8: PMS mediated catalytic degradation of CR dye using Ni@TP-(6/7/8), Fe@TP (6/7/8)
and Cu@TP-(6/7/8) nanocatalysts, respectively. [Unless specified otherwise,
Reaction condition: 40 mL of 20 ppm CR solution, 10 mg nanocatalyst, 5 mM
oxidant solution and room temperature and each experiment were repeated for three
times].
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In case of Fe@TP nanocatalysts, the carbonization temperature had a positive effect and Fe@TP8 nanocatalyst showed highest degradation efficiency among the three iron-based nanocatalysts.
These findings suggest that the metallic form of iron is much more active for CR degradation than
other iron species such as iron oxide that is present in both Fe@TP-6 and Fe@TP-7 nanocatalysts.
Therefore, the PMS/Co@TP-6 activation system was chosen for further catalytic degradation
studies due to their higher catalytic performance among all the prepared nanocatalysts.
4.3.7 Effect of catalyst dosage, PMS concentration, initial dye concentration and temperature
In the catalytic degradation of CR using Co@TP-6/PMS system, different experimental
parameters can influence the degradation rate. Therefore, the effect of numerous factors including
nanocatalyst dosage, PMS concentration, different initial dye concentrations, reaction temperature,
different dyes and inorganic ions, on the catalytic performance of Co@TP-6 nanocatalyst was
studied. The Co@TP-6 nanocatalyst dosage can influence the degradation performance
significantly as the nanocatalyst provides Co (II) that is the primary species responsible for
activating PMS to generate the sulfate radical. The dosages study has been carried out for the CR
degradation and the results are presented in Figure 4.7e and Figure 4.9a. As seen, the degradation
rate of CR increased with increasing the amount of dosage and the removal of CR increased from
31.55% to 97.68% when the catalyst dosage was increased from 1 mg to 10 mg. This is due to the
fact that the increasing amount of Co@TP-6 nanocatalyst favors the formation of sulfate radicals
that leads to increasing CR degradation.36 However, when the amount of Co@TP-6 nanocatalyst
was increased from 10 mg to 12 mg, the degradation of CR was decreased from 97.68 to 95.32%.
The further increase in the amount of Co@TP-6 nanocatalyst might overproduce oxidizing radicals
that promoted the interactions among the active radicals as seen in equation (5-7) leading to a
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decrease in the CR degradation performance.37 Therefore, 10 mg of nanocatalyst dose was used in
the catalytic experiments in consideration of both cost and catalytic efficiency.
SO 4 ●− + SO 4 ●− → S 2 O 8 2−

(5)

OH + ●OH → H 2 O 2

(6)

●

SO 4 ●− + ●OH → HSO 5 ─

(7)

The PMS concentration also plays a major role on the CR degradation performance for
being the source of sulfate radicals. Therefore, the effect of PMS concentrations on the CR
degradation efficiency was performed and the corresponding results are shown Figure 4.7f and
Figure 4.9b. As seen, the degradation efficiency of CR was increased from 41.1% to 97.68%, while
increasing the dose of 5 mM PMS from 0.1 mL to 0.5 mL. However, it was also observed from
the Figure that the further increase in PMS concentration had only a slight increase in the
degradation performance. This could be due to the presence of excess HSO 5 ─ that can scavenge
the active radicals, thereby decreasing the available quantities of hydroxyl and sulfate radicals by
generating less reactive SO 5 ●− radicals as seen in equation (8).38-40
HSO 5 ─ + SO 4 ●− /●OH → SO 5 ●− + SO 4 2− + H+/OH−

(8)

Radical-radical reactions might also happen prior to the radical-organic reactions.40
SO 4 ●− + SO 4 ●− → S 2 O 8 2−

(9)

The effect of initial dye concentrations on the CR degradation performance was performed
and the results are presented in Figure 4.7g. As seen, CR dye was almost completely removed in
about 10 min, when the initial concentration of CR was 10 ppm. But, when the initial concentration
of CR was increased from 10 ppm to 20 ppm, it took about 30 min to degrade 97.68% of 20 ppm
CR dye.
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Figure 4.9: The pseudo-first order rate constants for the (a) nanocatalyst dosage; (b) PMS dosage;
(c) initial CR concentration; and (d) temperature dependent catalytic degradation
reactions of CR using Co@TP-6/PMS system. [Unless specified otherwise, Reaction
condition: 40 mL of 20 ppm CR solution, 10 mg nanocatalyst, 5 mM PMS and room
temperature and each experiment were repeated for three times].

Furthermore, the degradation efficiency of CR was decreased to 63.44% when the initial
concentration was increased from 20 ppm to 50 ppm. Also, the rate constant value of the
corresponding degradation reaction decreased from 0.163 min−1 to 0.027 min−1 when the initial
CR concentration was increased from 10 ppm to 50 ppm as seen in Figure 4.9c. At the same PMS
concentration and Co-TP-6 dose, the amount of generated sulfate radical was unchanged. As the
initial CR concentration increased, the formation of active radicals was not enough for CR
degradation, resulting in a decrease of the CR removal efficiency.38
The reaction temperature has a significant effect on the CR degradation performance. The
effect of temperature on the degradation efficiency was carried out and the results are shown in
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Figure 4.7h. As seen, when the reaction temperature was increased from 25 oC to 55 oC, the
degradation efficiency of CR was increased from 63.44% to 84.90% and the reaction rate constant
was also increased from 0.027 min-1 to 0.051 min-1 as seen in Figure 4.9d. This is because of the
fact that the high temperature favors the decomposition of PMS for generating reactive radicals.
The collision frequency is also increased between the molecules at the nanocatalyst surface, thus
accelerating the reaction rates.38 The impacts of reaction temperature could be evaluated by
assessing the activation energy for the CR degradation reaction using the following Arrhenius
equation.41
lnk 1 = ln A - Ea / RT

(10)

Where Ea is the activation energy, k 1 is the first order reaction rate constant, T is temperature (K),
R is the universal gas constant, and A is the frequency factor. The activation energy was found to
be 15.26 kJ/mol for the degradation reaction of CR.
4.3.8 Effect of different pollutants and inorganic salts on the overall catalytic performance
The catalytic performance of the Co@TP-6/PMS system was also evaluated towards the
catalytic degradation of other organic pollutants and the results are presented in Figure 4.7i. As
seen, the Co@TP-6/PMS system was able to degrade methylene blue and methyl orange efficiently
with a percentage degradation of 96.59 and 95.88, respectively. These results evidently confirm
that the generation of active radicals in the Co@TP-6/PMS system was not affected by the
contaminants and thereby, concluding that the system is very efficient for the removal of organic
pollutants present in the industrial effluents. The composition of industrial wastewater containing
organic dyes is complex and comprises of a wide variety of inorganic ions. To some degree, the
presence of the inorganic ions is likely to influence the production of sulfate radicals.42
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Figure 4.10: (a) Effect of chloride ion on the degradation of CR using Co@TP-6/PMS system; (b)
degradation of CR dye in multiple use of Co@TP-6 nanocatalyst; (c) effect of radical
scavengers (MeOH and TBA) on the removal of CR using Co@TP-6/PMS system
[insets: the pseudo-first order rate constants for the corresponding catalytic
degradation reactions] and (d) EPR signal of the Co@TP-6/PMS/CR/DMPO system
after 30 min of the reaction. [Unless specified otherwise, Reaction condition: 40 mL
of 20 ppm CR solution, 10 mg nanocatalyst, 5 mM oxidant solution and room
temperature; and each experiment were repeated for three times].

Sodium chloride is widely utilized in the dyeing industry to transfer the dyes quickly from their
aqueous phase to fiber phase. Therefore, sodium chloride salt was chosen in this study as a model
inorganic salt to examine their effect on the CR dye degradation and the results are presented in
Figure 4.10a. As seen, the CR dye degradation efficiency was decreased from 97.68% to 69.83%,
when 5mM NaCl was used with the Co@TP-6/PMS system, demonstrating that the NaCl has a
negative effect on the CR dye degradation. The decrease in dye removal efficiency might be due
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to the reaction of sulfate or hydroxyl active radicals with Cl− to produce less reactive Cl2 −● radicals,
thereby inhibiting the removal of CR dye as seen in equation (11-14).43, 44
SO 4 ●− + Cl− → SO 4 2− + Cl●
●

(11)

OH + Cl− → ClOH●−

(12)

ClOH●− + H+ → Cl● + H 2 O

(13)

Cl● + Cl− → Cl2 −●

(14)

4.3.9 Reusability of Co@TP-6 nanocatalyst
The stability and reusability of the as-synthesized Co@TP-6 was evaluated for four
successive cycles and the results are presented in Figure 4.10b. After each run, the Co@TP-6
nanocatalyst was separated using an external magnet and washed several times with DI water to
get rid of any impurities. As seen, the removal efficiency of the CR dye decreases gradually while
increasing the repeating runs. The loss in catalytic degradation performance might be due to the
deterioration of the catalytic active sites on the Co@TP-6 surface which are primarily responsible
for PMS activation and also, the contamination of the nanocatalyst surface as a result of the
adsorption of the intermediates and organic compounds. But, the removal efficiency for CR dye
still remains as high as 94.9% after four consecutive recycling experiments. This demonstrates the
highly stable catalytic performance of the prepared Co@TP-6 nanocatalyst for the dye
degradation.
4.3.10 Identification of reactive species
The PMS activation mechanism for the CR dye degradation was clarified by utilizing
radical scavengers. To find the typical contribution of sulfate and hydroxyl radicals to CR
degradation in a Co-TP-6/PMS system, methanol (MeOH) and tert-butanol (TBA) were used as
radical scavengers. Methanol is an efficient quenching agent for both of the radicals, whereas the
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TBA is mainly active towards hydroxyl radical. This is due to the fact that the rate constant for
scavenging •OH by TBA is 3.8 ∼ 7.6 × 108 M−1 s−1, which is 418-1900 times higher than that of
SO 4 •− (4 ∼ 9.1 × 105 M−1 s−1) resulting less reactivity towards the sulfate radicals.45 In contrast,

methanol can scavenge both of the hydroxyl (9.7 × 108 M−1s−1) and sulfate (3.2 × 106 M−1s−1)
radicals by generating •CH 2 OH radicals according to the following equations (15-16).45, 46
OH + CH 3 OH → •CH 2 OH + H 2 O

(15)

SO 4 •− + CH 3 OH → •CH 2 OH + HSO 4 −

(16)

•

The CR degradation performance in presence of both scavengers is presented in Figure 4.10c and
it is clear that the scavengers affected the degradation performance of CR dye in the Co@TP6/PMS system. Co@TP-6/PMS system degraded 97.68% of CR dye in 30 min in absence of any
scavengers. But, the removal efficiency of CR decreased from 97.68% to 83.96% after adding
TBA in the Co@TP/PMS system. The degradation efficiency of CR decreased significantly in
comparison with TBA from 97.68% to 48.67% while adding methanol in the Co@TP-6/PMS
system. The findings suggest that the SO 4 •− and •OH are both responsible for the degradation of
the CR dye and hence, the sulfate radical plays the main role for activating PMS.
4.3.11 Proposed degradation mechanism
The above-mentioned findings demonstrated that the addition of the PMS oxidant to the
as-synthesized Co@TP-6 nanocatalyst could degrade the CR dye efficiently. But the addition of
only nanocatalyst or PMS had insignificant effects on the degradation of CR. Therefore, it was
assumed that the Co@TP-6 nanocatalyst could accelerate the PMS activation process resulting the
generation of abundant hydroxyl and sulfate radicals for the oxidative degradation of CR. In
reaction, the Co2+ ions can be released through the aerobic oxidation of zerovalent cobalt (Co0) as
well as from the reaction of zerovalent cobalt and PMS.
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Figure 4.11: The proposed mechanism for the PMS mediated catalytic degradation of CR dye by
Co@TP-6 nanocatalyst.
Also, the Co3+ ions can be deposited on the surfaces of Co0 to release Co2+ ion.34, 47 Subsequently,
the Co2+ ions in the Co@TP-6 nanocatalyst activated the HSO 5 ─ to produce sulfate radical and in
the meantime, the Co2+ ions are converted to Co3+. Then the formed Co3+ ions can further activate
the HSO 5 ─ to yield Co2+ ion and SO 5 ●−.48 The produced sulfate radial could degrade the
chromophoric groups of the CR dye due to their powerful oxidizing potential leading to the
decolorization of CR dye. Afterward, the decolorized CR dye might be degraded to carbon dioxide
and water by sulfate radical and the probable reactions are presented in equations (17-25).38, 49-51
The proposed mechanism for the PMS mediated catalytic degradation of CR by Co@TP-6
nanocatalyst is presented in Figure 4.11. In the meantime, the hydroxyl radical can also be
produced from the reaction between water and sulfate radical, and the EPR analysis confirmed the
production of hydroxyl radicals, as shown in Figure 4.10d. These results demonstrate that the
degradation of CR is a radical pathway, where both of the sulfate and hydroxyl radicals contribute
to CR removal and most importantly, the sulfate radical plays a key role.
Co0 → Co2+ + 2e-

E = 0.28 V
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(17)

2Co0 + O 2 + 2H 2 O → 2Co2+ + 4 OH─

(18)

Co0 + 2HSO 5 ─ → Co2+ + 2SO 4 ●− + 2OH─

(19)

Co0 + HSO 5 ─ + 2H+ → Co2+ + HSO 4 − + H 2 O

(20)

Co0 + 2Co3+→ 3Co2+

(21)

HSO 5 ─ + Co2+ → Co3+ + SO 4 ●− + OH─

(22)

HSO 5 ─ + Co3+ → Co2+ + SO 5 ●− + H+

(23)

SO 4 ●− + H 2 O → SO 4 2− + H+ + ●OH

(24)

SO 4 ●− / ●OH + CR → [ many steps] → CO 2 + H 2 O

(25)

4.4 CONCLUSION
We have developed for the first time a facile, toxic chemical-free and simple preparation
method to synthesize transition metal based nanocatalysts encapsulated in porous carbon derived
from commercial tissue paper for the oxidative degradation of CR by activating PMS. The metal
NPs are highly dispersed and anchored tightly on the functional moieties of the porous carbon
surface that helps the generation of the NPs by in situ reduction, thereby preventing the aggregation
of the NPs on the porous carbon surface. Additionally, the interfacial interactions between the
porous carbon and metal NPs generate a hierarchically porous organic-inorganic network, which
further increase the catalytic activation of PMS for CR degradation. Among all the nanocatalysts
studied, the Co@TP exhibits the best catalytic performance with a reaction rate constant of 0.109
min−1 for catalytic degradation of CR in the presence of PMS. The reusability studies showed the
highly stable nature of the Co@TP-6 nanocatalyst with a higher degree of CR degradation for at
least four consecutive catalytic cycles with negligible cobalt leaching. According to the quenching
experiments, the sulfate radicals are evidenced to be the main reactive species for CR degradation.
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Henceforth, the development of cobalt NPs inserted into hierarchically porous carbon represents a
promising strategy for the catalytic degradation of many hazardous substances.
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Chapter 5: Tuning of tri-functional NiCu bimetallic nanoparticles confined in a porous
carbon network with surface composition and local structural distortions for the
electrocatalytic oxygen reduction, oxygen and hydrogen evolution reactions
5.1 INTRODUCTION
The development of sustainable-energy materials and green nanotechnologies to fabricate
fuel-cells, metal-air batteries and water-splitting systems has become a promising way to solve the
increasing energy demands as well as the environmental-related issues of the modern society.1-5
Among the possible renewable energy technologies, the hydrogen evolution reaction (HER),
oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) are leading the storage
and energy conversion processes owing to their potential to create energy with zero emission. To
efficiently carry out those reactions, a stable and electrochemically highly active material is
critical. In this direction, noble metal catalysts, for instance, Pt-based nanomaterials demonstrated
outstanding bifunctional performances towards HER and ORR. Similarly, Ru and Ir-based
catalysts are the best OER-electrocatalysts.6, 7 Nevertheless, the very high prices, poor stability and
scarcity of the conventional noble metals have markedly inhibited their large-scale integration to
the commercial renewable energy technologies. Hence, the sustenance of a future based on clean
energy technologies, will benefit from the development of inexpensive nanomaterials with
enhanced multifunctional electrocatalytic properties.
Dedicated efforts in this direction resulted in the creation of a myriad of alternative
materials with bifunctional or trifunctional electrocatalytic performances, including nanocarbons,8
metal oxides,9 carbides/nitrides, and their composites.10-12 Among them, the development of
carbon-coated transitional metal-based nanoalloys are recently gaining increasing attention due to
their fast electron transfer (ET) rates, the plethora of functionalities afforded by the carbon shell
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as well as the possibility to employ the volcano plots to tune their properties. Especially, the
presence of multiple metals mixed at the nano level also leads to a promising strategy to improve
electrocatalytic performance towards many catalytic reactions. It is worthwhile to investigate the
structure-catalytic function of bimetallic transition metal nanoparticles owing to the fact that their
geometric and electronic surface structure can be tailored using a wide range of controlled phase
compositions and morphologies.13 Thus, the electrocatalytic rates of bimetallic nanosystems are
markedly controlled by the engineering of their nanostructure morphology, composition as well as
defect density and strain, which, in turn, facilitate the control of the binding energy states of the
reactants and the intermediates catalytic species at the electrochemical interfaces. Therefore, the
development of non-noble bimetallic nanostructures with multifunctional catalytic properties is
currently becoming a hotspot into the energy field.
Though significant progress has been achieved regarding the synthesis of bimetallic
catalysts and their use as electrocatalysts with enhanced activity,14-17 very few efforts were made
to optimize their structure to derive trifunctional catalytic properties.18, 19 Especially disentangling
the underlying structural parameters that govern the electrocatalytic activity,20 which can help to
further tune and optimize the catalytic properties is rarely attempted. In this work, a facile and ecofriendly strategy to prepare NiCu bimetallic nanoparticles (NPs) with varying Ni:Cu ratios
encapsulated in a hierarchically structured carbon framework is presented. The synthesis involves
the capillary force assisted spontaneous adsorption of the metal precursors into the facial tissue
and the subsequent simultaneous thermal reduction and carbonization. The resulting nanoalloys
displayed an efficient trifunctional catalytic activity towards HER/OER/ORR (Scheme 5.1).
Though all bimetallic catalysts demonstrated superior catalytic activity compared to their
monometallic counterparts, the ultimate catalytical efficacy intimately depended on the
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composition (ratio between Ni and Cu) of the alloys. For example, the Ni0.25 Cu 0.75 /C
electrocatalyst surpassed the electrocatalytic performances of its counterparts as well as exhibited
better electrocatalytic performances than commercial RuO 2 and Pt. To the best of our knowledge,
this is the first report of the structural and electronic properties of non-noble NiCu nanoparticles
together with their tri-functional electrocatalytic properties, which finely controlled by varying the
alloy composition. Density functional theory (DFT) calculations were carried out to validate our
experimental results, as well as elucidate the underlying catalytic mechanisms of NiCu bimetallic
nanoparticles (NPs) with various compositions. Finally, the DFT-calculated binding energy values
were used as an optimal descriptor of the trifunctional catalytic activity and Simulation results
showed that three-fold hollow sites containing one Ni atom and two Cu atoms are the active sites
for the trifunctional catalytic activity of the NiCu nanoparticles.

Scheme 5.1: NiCu nanoparticles for HER, OER and ORR reactions.
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5.2 MATERIALS AND METHODS
5.2.1 Materials
All of the chemicals were used as received without any further purification. Commercial
tissue paper was obtained from a local store at El Paso, Texas, USA. Copper nitrate
(Cu(NO 3 ) 2 .2.5H 2 O), nickel nitrate (Ni(NO 3 ) 2 .6H 2 O), methanol, Nafion solution, sulfuric acid,
sodium hydroxide and Pt/C (20%) were purchased from Aldrich, Fisher Scientific and Sigma
Aldrich. Deionized (DI) water was obtained from the Milli-Q® instrument (Millipore
Corporation).
5.2.2 Synthesis of the electrocatalysts
1.5 g of Cu(NO 3 ) 2 .2.5H 2 O and 1.5 g of Ni(NO 3 ) 2 .6H 2 O were added into a 100 mL beaker
and dissolved in 10 mL of DI water. Afterwards, 3.0 g of tissue paper were dipped into the salt
solution and the mixture was bath sonicated so that all the metal ions (Cu2+ and Ni2+) were adsorbed
on the surface of the tissue paper. The tissue paper was then heated to 100 oC to remove all the
water. Subsequently, the tissue papers were carbonized in a tube furnace at 700 °C. High purity
argon gas was passed through the tube furnace to remove air for at least one hour prior to the
carbonization process. The heating rate of the carbonization was set as 5°C min-1. The process was
carried out in a high-purity argon atmosphere. The sample was carbonized for 3 h in a quartz boat.
The carbonized product was taken out once the temperature reached room temperature and the
product was then dispersed in a 1.0 M sulfuric acid solution with the assistance of ultrasonication
to remove any unstable metallic substances.21 The etching process was performed for 24 h. The
product was collected by centrifugation and washed for several times using DI water. The obtained
product was then brought to neutral pH and vacuum dried at 70 oC for 12 h. The product was
denoted as Ni0.50 Cu 0.50 /C. Afterward, the product was put into a glass vial for further use. Two
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other bimetallic electrocatalysts were also prepared, namely Ni0.25 Cu 0.75 /C and Ni0.75 Cu 0.25 /C by
varying the wt% of the copper and nickel salts. As controls, Cu/C and Ni/C monometallic
electrocatalysts were synthesized following the same procedure with only copper or nickel salt
used in the synthesis process.
5.2.3 Electrochemical Measurements
Measurements of HER, OER and ORR activity of the as-prepared electrocatalysts were
performed with a traditional three-electrode system (CHI-640). The working, counter and
reference electrodes were glassy carbon, a graphitic rod and Ag/AgCl (KCl saturated) electrodes,
respectively. 1.0 mg of electrocatalyst was mixed with 1.0 mL of methanol and bath sonicated for
30 min to make the catalyst ink. Then the catalyst ink was drop casted onto the working electrode
and allowed to dry in air prior to use in the electrochemical reactions. All electrochemical HER
experiments were performed in 0.5 M H 2 SO 4 solution in a nitrogen saturated solution at a scan
rate of 2 mV/s and all electrochemical OER and ORR experiments were performed in 0.5 M NaOH
solution in an oxygen saturated solution at a scan rate of 2 mV/s. The following equation was used
to calibrate the experimental potentials.22
E RHE = E Ag/AgCl + 0.197 + 0.059pH

(1)

The Tafel slope is a key parameter to describe the electrocatalytic performance and kinetics of a
reaction and it can be expressed by the following equation.22
η =a+

2.3 𝑅𝑅𝑅𝑅
𝛼𝛼𝛼𝛼𝛼𝛼

𝑙𝑙𝑙𝑙𝑙𝑙 𝑗𝑗

(2)

where j, a, F and ƞ are the current density, transfer coefficient, Faraday constant and overpotential,
respectively; n is the number of electrons involved in the reaction and the slope is given by 𝑏𝑏 =
2.3 𝑅𝑅𝑅𝑅
𝛼𝛼𝛼𝛼𝛼𝛼

.
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The electrochemically active surface area (ECSA) of the electrocatalysts was estimated by
evaluating the cyclic voltammetry (CV) measurements and the electrochemical double-layer
capacitance that was tested from 0 to 0.30 V (vs. RHE) in a N 2 -saturated 0.5 M H 2 SO 4 solution
for the HER process or measurements were made between 1.0 and 1.30 V (vs. RHE) in an O 2 saturated 0.5 M NaOH solution at different scan rates (5, 20, 50, 100, 150 and 200 mV/s) for the
OER and ORR processes. The difference between the anodic and cathodic current (at 0.15 V vs
RHE for HER or at 1.15 V vs RHE for OER and ORR) were plotted against the scan rate to obtain
a linear relationship and the slopes correspond to the electrochemical double-layer capacitance
(C dl ). The ECSA was then estimated by using the following equation.23
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =

𝐶𝐶𝑑𝑑𝑑𝑑

(3)

𝐶𝐶𝑠𝑠

where C s is the specific capacitance of the electrocatalysts, reported to be 0.035 and 0.04 mF‧cm2

in acidic and alkaline solution for the Ni-based electrocatalysts.22, 23

The roughness factors (RF) were calculated using the following equation.
RF= (ECSA) / (geometric area of the electrode)

(4)

A glassy carbon disc of 5 mm in diameter (Pine Instruments Company) was used as the
working electrode for the rotating disc electrode (RDE) measurements. All electrochemical
experiments were performed employing a potential range from 0.00 to −0.75 V vs Ag/AgCl at a
scan rate of 10 mV/s. All potentials were referenced to the RHE. The kinetic parameters were
estimated by applying the Koutecky-Levich (K-L) equations.21
1
𝐽𝐽

=

1

𝐽𝐽𝐿𝐿

+

1

𝐽𝐽𝐾𝐾

=

1

2/3

𝐵𝐵𝜔𝜔

1/2 +

𝐵𝐵 = 0.20 𝑛𝑛𝑛𝑛𝐶𝐶0 𝐷𝐷0 𝑣𝑣 −1/6

𝐽𝐽𝐾𝐾 = 𝑛𝑛𝑛𝑛𝑘𝑘𝐶𝐶0
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1

𝐽𝐽𝐾𝐾

(5)

(6)
(7)

where J is the measured current density, J K and J L are the kinetic and diffusion limiting current
densities, respectively, ω is the electrode rotation rate, n is the overall number of electrons
transferred for the oxygen reduction, F is the Faraday constant, C 0 is the bulk concentration of O 2
dissolved in the electrolyte (1.03∙10-3 mol·L-1 for 0.5 M KOH), D 0 is the diffusion coefficient of
O 2 (1.63·10-5 cm2·s-1 for 0.5 M NaOH), v is the kinematic viscosity of the electrolyte (0.01 cm2·s1

for 0.5 M NaOH), and k is the electron transfer rate constant during ORR. B* is a constant

(2.76·10-2 A·cm-2·rpm-1/2) for all the performed experiments.
5.3 RESULTS AND DISCUSSION
5.3.1 Structural and morphological characterization of Ni, Cu and bimetallic NiCu
nanostructures
Synthesis of the NiCu@C electrocatalysts was achieved via a two-steps process involving
the adsorption of the corresponding metal ions into cellulose-based paper towel followed by a
high-temperature carbonization, Figure 5.1A. First, the highly porous structure of the tissue paper
that is primarily composed of lignin and cellulose was leveraged to spontaneously adsorb the
corresponding metal ions (Cu2+ and Ni2+) aided by capillary force. During the carbonization step,
the tissue paper serves as the carbon source and the metal ions serve as a metal precursor to form
the final carbon encapsulated structure. Here, the tissue paper retains the templated porous
structure during the carbonization under inert atmosphere and gets transformed to porous carbon
matrix. Simultaneously, the metal ions get reduced to NiCu nanoparticles, assisted by the in-situ
generated oxidative-reductive conditions during the carbothermal method. Finally, the product was
treated with H 2 SO 4 to remove unstable metal species formed during the reaction. Thus, through a
simultaneous templated carbonization and reduction, a nanocomposite composed of uniformly
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dispersed and surface-clean NiCu nanoparticles encapsulated in hierarchically porous carbon was
generated.
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Figure 5.1: (A) Schematic representation of the synthesis of NiCu/C electrocatalysts; (B-C) XRD
analysis of the Ni/C, Cu/C and NiCu/C bimetallic electrocatalysts; (D) Raman spectra
of the as-synthesized electrocatalysts; (E) TGA analysis of Ni/C, Cu/C and
Ni0.25Cu0.75/C electrocatalysts and (F) N2 adsorption-desorption isotherm of the
Ni0.25Cu0.75/C electrocatalyst (corresponding BJH pore size distribution).

The crystalline phase and structure of the as-synthesized electrocatalysts were first characterized
by XRD (Figure 5.1(B-C)). The XRD had three characteristic peaks in both Cu/C and Ni/C
electrocatalysts. These sharp characteristic peaks at nearly 43.4°, 50.6°, and 74.1°; and 44.5°,
51.2°, and 76.3° can be well indexed to the (111), (200), and (220) crystal planes of the faceentered cubic (FCC) Cu (JCPDS 04-0836) and Ni nanoparticles (JCPDS no. 04-0850),
respectively.13, 24 The XRD analysis of the NiCu/C bimetallic nanoparticles also showed a similar
diffraction pattern with slight shift compared to the Cu and Ni nanoparticles. The features can be
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indexed to the (111), (200), and (220) crystal planes of the FCC NiCu bimetallic alloys matching
with the previously reported NiCu alloys.13,

24

Further, leveraging Bragg’s law and crystal

geometry equation of the FCC crystals, we analyzed the structural change and lattice strain during
the alloy formation (Table 5.1). The results indicated that the incorporation of nickel into the lattice
of Cu to form the NiCu bimetallic system leads to the lattice contraction of the copper crystal
structure and the highest lattice contraction was observed in the case of Ni0.25 Cu 0.75 /C bimetallic
system. Nonetheless, diffraction spectrum did not demonstrate any new peaks, pointing to the high
purity of the as-synthesized electrocatalysts.
Compared to the characteristic high intensity peaks of the metallic Cu, Ni or bimetallic
NiCu system, the diffraction peaks of the carbon are hardly visible. However, the existence of the
porous carbon matrix was verified using the Raman spectroscopy. The Raman spectra was
obtained from the various electrocatalysts are presented in Figure 5.1D. Two characteristic peaks
at ~1350 and ~1583 cm-1 were observed in all the samples that correspond to the D and G bands
of the porous carbon matrix, respectively.25 Usually, the D band represents the disordered sp3
carbon, whereas, the G band reflects the sp2 type graphitic carbon. Furthermore, the graphitization
degree and defect density of carbon-based materials can be estimated by calculating the intensity
ratio (I D /I G ) of the D and G bands.25 The calculated I D /I G values were found to be 0.86, 0.91, 0.94,
0.96 and 0.99 for the Ni/C, Cu/C, Ni0.75 Cu 0.25 /C, Ni 0.50 Cu 0.50 /C and Ni0.25 Cu 0.75 /C electrocatalysts,
respectively. In the carbonization process, the tissue paper is carbonized and subsequently, the
corresponding metal ions are also reduced. Moreover, the nickel can play an important catalytic
role during the carbonization process and facilitate the graphitization of the porous carbon matrix.
26

Interestingly, the I D /I G values of the bimetallic catalysts decreased with increasing the nickel

concentration, plausibly due to the promotive effect of Ni in the formation of graphitic carbon
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during the carbonization reaction. Furthermore, the comparatively higher I D /I G value of
Ni0.25 Cu 0.75 /C electrocatalyst compared to other bimetallic systems points to the presence of higher
number of defect sites especially the disordered/nongraphitic carbon in the Ni 0.25 Cu 0.75 /C. Such
defect sites are known to be beneficial to enhance the HER, OER and ORR activity.27,

28

Thermogravimetric analysis (TGA) was then performed to investigate the thermal stability of the
prepared electrocatalysts and the Ni0.25 Cu 0.75 /C electrocatalyst displayed better thermal stability
than their monometallic counterparts as seen in Figure 5.1E. The metal content was found to be
79.39, 87.98 and 91.75% (wt%) for Cu/C, Ni/C and Ni0.25 Cu 0.75 /C electrocatalysts from the TGA
analysis, respectively. Since the initial analysis indicated that Ni0.25 Cu 0.75 /C electrocatalyst could
have superior catalytic properties, Brunauer–Emmett–Teller (BET) gas sorption measurements
was conducted to investigate its surface properties. Figure 5.1F illustrates the nitrogen adsorptiondesorption isotherm as well as the pore-size distributions (inset) of the Ni0.25 Cu 0.75 /C
electrocatalyst. The BET surface area of Ni0.25 Cu 0.75 /C was found to be 157 m2 g-1. The obtained
isotherm was recognized as type II that is characteristic of mesoporous materials and the pore-size
distribution revealed that the Ni0.25 Cu 0.75 /C electrocatalyst exhibit a unique mesoporous structure
with an average pore size of 7.74 nm. The pore volume was found to be 0.31 cm3 g-1. The
mesopores in the Ni0.25 Cu 0.75 /C electrocatalyst can improve the electrolyte transport and the
mobility of the catalytic reactant species toward the HER/OER/ORR active sites decreasing the
mass transfer resistance. The higher BET surface area and pore volume of the Ni0.25 Cu 0.75 /C can
also improve the mass transport during electrocatalytic reactions.29
The microstructure and morphology of the electrocatalysts investigated by the TEM as well
(Figure 5.2(A-C) and Figure 5.3(A-B)). As seen, the nanoparticles are uniformly anchored and
distributed in the porous carbon matrix.
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Figure 5.2: (A-C) TEM images of the Ni0.5Cu0.5/C, Ni0.75Cu0.25/C and Ni0.25Cu0.75/C
electrocatalysts; (D-F) STEM images of the Ni0.25 Cu0.75/C electrocatalyst at different
magnifications; (G-I) high-angle annular dark field (HAADF)-STEM image,
elemental mapping images and EELS spectra of the Ni0.25Cu0.75/C electrocatalyst,
respectively.

Hence, the porous carbon matrix serves both as a substrate and a protecting layer for the
nanoparticles and protect from further oxidation. The average particle size of the electrocatalysts
were determined to be 21.04 ± 1.71, 13.86 ± 1.73, 14.51 ± 2.90, 11.58 ± 2.02 and 9.76 ± 2.52 for
the Cu/C, Ni/C, Ni0.5 Cu 0.5 /C, Ni0.75 Cu 0.25 /C and Ni0.25 Cu 0.75 /C electrocatalysts, respectively. It is
well-established that the electrocatalytic reactions over a metal electrocatalyst are usually size-
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dependent.29 Therefore, one can expect that the smallest nano-sized Ni0.25 Cu 0.75 /C electrocatalyst
among others with a narrow size distribution can offer an abundance of accessible electrocatalytic
active sites, resulting in superior efficacy for electrocatalytic applications.29

Figure 5.3: (A-B) TEM images of the Ni/C and Cu/C electrocatalysts, respectively.

Scanning transmission electron microscopy (STEM) was leveraged to examine the crystal
structure of the NiCu bimetallic NPs, especially the Ni0.25 Cu 0.75 /C nanohybrid system. At lower
magnification, the STEM images showed a consistent result to the TEM image of the
Ni0.25 Cu 0.75 /C electrocatalyst as shown in Figure 5.2(D-E) demonstrating that the NiCu NPs are
incorporated into the porous carbon structure. The bimetallic NPs are also rarely agglomerated,
demonstrating a good dispersion into the porous carbon matrix. Hence it is reasonable to conclude
that the framework of carbon matrix on which the nano-sized NiCu NPs uniformly embedded, can
efficiently prevent the NPs from being excessively oxidized and agglomerating, and might
facilitate the faster electron transport between the NiCu NPs and the carbon matrix, leading to
efficient electrocatalytic performance. It should also be mentioned that the transition metals or
their oxide phases within the carbon shells are expected to be conducive to significantly enhance
the catalytic performance of the electrocatalysts that has been reported previously.30 Hence, it is
also most likely that our developed NiCu/C nanohybrid system may work following the similar
mechanism due to the inherent interaction between the carbon matrix and the small sized NiCu
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NPs. The STEM image also demonstrated that the NPs are highly crystalline as seen in Figure
5.2F, with an interplanar spacing of ~0.21 nm that corresponds to the (111) facet of the bimetallic
NiCu alloy.26 Additionally, the high-angle annular dark field (HAADF)-STEM imaging and
electron energy-loss spectroscopy (EELS) was leveraged to confirm the formation of carbonwrapped NiCu bimetallic nanoparticles at single nanoparticle levels. The HAADF-STEM image
of the Ni0.25 Cu 0.75 /C electrocatalyst displayed the carbon-wrapped NiCu bimetallic nanoparticles
(Figure 5.2G). The STEM-based elemental mapping of the Ni0.25 Cu 0.75 /C confirmed the
coexistence and distribution of the C, Cu and Ni elements in the sample (Figure 5.2H). As seen in
Figure 5.2I, the EELS detected three signals including C K edge (~ 284 eV), Ni L edge (~ 855 eV)
and Cu L edge (~ 935 eV) confirming the presence of C, Ni, and Cu in the Ni0.25 Cu 0.75 /C
electrocatalyst. In the case of 3d transition metals, the intensities of the L 2,3 white lines decrease
nearly linearly with the increasing atomic number, indicating the filling of the d orbitals. As seen
in Figure 5.2I, the metallic nickel showed the two L3 and L 2 lines clearly in the energy-loss spectra,
whereas the metallic copper did not show the L3 and L2 lines owing to the fully occupied d orbitals
in copper.31
XPS measurements were used to interrogate the chemical forms of the mono and bimetallic
carbon-encapsulated metallic nanoparticles as shown in Figure 5.4. Monometallic Ni/C
nanoparticles show at least two nickel species, where the Ni 2p 3/2 signal can be decomposed in
two contributions at Ni 2p 3/2 and Ni 2p 1/2 at 853.0 and 853.6 eV. The former is assigned to Ni0
and the later to Ni2+. While the Cu/C nanoparticles also display two contributions in the Cu 2p 3/2
signal at 932.8 and 935.2 eV, assigned to Cu0 and Cu2+, respectively. The assignation to Cu0 was
also supported with the Cu LMM signal (not shown). Remarkably, all the bimetallic nanoalloys
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underwent a positive shift of the main Ni 2p 3/2 core peak indicating a change in the electronic
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Figure 5.4: XPS spectra of Ni0.25Cu0.75/C electrocatalyst: (A-E) survey spectra, C 1s, O 1s, Cu 2p
and Ni 2p, respectively; and (F) comparison of Ni 2p spectra in different
electrocatalyst samples.

The blue-shifts of the binding energies are intimately related to the d-band shifts in different
bimetallic nanosystems and, in turn, with their electrocatalytic activities.13, 32 Notably, the binding
energy for Ni 2p 3/2 band of the Ni0.25 Cu 0.75 /C nanoparticles were shifted ~three times (DBE)
compared to other bimetallic systems (Figure 5.4F), suggesting a substantial change in the surface
electronic properties for the Ni0.25 Cu 0.75 /C nanoalloys.13 This shift could further facilitate the
downshift of the d-band center and, consequently, boost the overall rates of interfacial catalytic
processes. Ni and Cu contents at the nanoalloy surfaces were estimated from the integrated areas
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of the Ni 2p and Cu 2p regions. It is very important to point out that the Ni0.25 Cu 0.75 /C nanoalloys
showed the lesser number of Ni contents on the nanoparticle surfaces (~ 5.3 %), almost two times
smaller compared with the other two bimetallic nanoparticles. Taking into account the role of Ni
content in enhancing the number of nanoalloy structural defects (see Raman analysis), it is
reasonable to state that the Ni0.25 Cu 0.75 /C bimetallic nanoparticles hold the larger number of
surface defect sites on their metallic frameworks. Additionally, the C 1s and O 1s spectra were
also recorded to obtain in-depth information about the oxygen-containing species. The C 1s band
was deconvoluted into four peaks with binding energies of oxygen-containing species. The C 1s
band was deconvoluted into four peaks with binding energies of 284.8, 286.2, 287.8, and 289.3,
which are attributed to C–C, C–O, O=C-H and O=C–O bonds, respectively (Figure 5.4B).29
Furthermore, the O 1s spectrum was deconvoluted into three components with binding energies of
530, 531.7, and 533.4 eV, which are associated to O2-, bridging hydroxyls and physically absorbed
water, respectively (Figure 5.4C).33 Furthermore, the TGA analysis revealed that the total mass
fraction of copper and nickel is about 91.75 wt% (Figure 5.1E) in Ni0.75 Cu 0.25 /C sample, which is
much larger than that obtained from the XPS analysis (21.99 wt%). This is due to the fact that the
XPS measurements are more sensitive to the surface chemical composition, which could barely
detect the NiCu nanoparticles deeply embedded in the carbon matrix.
5.3.2 OER activities of Ni, Cu and bimetallic NiCu nanostructures
The OER properties of the Cu/C and Ni/C nanoparticles, as well as their bimetallic
mixtures, were measured in 0.5 M NaOH solutions. Figure 5.5A displays the OER polarization
curves for Ni0.75 Cu 0.25 /C, Ni0.50 Cu 0.50 /C and Ni0.25 Cu 0.75 /C bimetallic nanocatalysts, along with
Ni/C, Cu/C and the benchmark RuO 2 . The overall OER activity of the binary nanoalloys surpassed
by far the performance of the individual metals indicating that the combination of Ni and Cu is
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Figure 5.5: A) Polarization curves of the OER process and B) the corresponding Tafel plots for
Cu/C, Ni/C, Ni0.50Cu0.50/C, Ni0.25Cu0.75/C, Ni0.75Cu0.25/C and commercial RuO2 in 0.5
M NaOH at 2mV·s-1. C) Plots of the difference of anodic and cathodic current
densities against the scan rate for all the catalysts. D) Polarization curves normalized
by ECSA for Cu/C, Ni/C, Ni0.50Cu0.50/C, Ni0.25Cu0.75/C and Ni0.75Cu0.25/C. E) The
corresponding onset potential and unit cell volume values for Cu/C, Ni/C,
Ni0.50Cu0.50/C, Ni0.25Cu0.75/C and Ni0.75Cu0.25/C as a function of the DFT-calculated
EOHB. F) The corresponding free energy for the OER pathways for each nanoalloy.
G) The relationship between the Cdl and ΔGH* values for all systems. H) The average
turn-over frequencies (TOFavg) of the nanocatalysts displayed in (A) per surface site.
I) I-t curves for Ni0.25Cu0.75 and its comparison with commercial RuO2 at 1.70 V vs
RHE.

generating highly active sites and boosting the catalytic rates for the generation of molecular
oxygen. For example, the overpotential value to reach 10 mA·cm-2, which represents a suitable
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descriptor of the catalytic activity, significantly lower for the bimetallic nanoparticles compared
to the monometallic counterparts. Moreover, among the different nanoalloys, Ni0.25 Cu 0.75 /C
exhibited the best OER performance, delivering a current density of 10 mA·cm-2 at a low
overpotential of 400 mV and an onset potential of 1.44 V vs RHE, while Ni0.75 Cu 0.25 /C and
Ni0.50 Cu 0.50 /C require 470 mV and 480 mV to achieve the same current density and exhibit onset
potential values of 1.49 V and 1.52 V vs RHE, respectively (Table 5.2). It is worth noting that the
η 10 for Ni0.25 Cu 0.75 /C is ~10 mV lower than that of commercial RuO 2 and comparable to other
carbon-coated transition bimetallic OER catalysts . 14, 34 From the Tafel plots of different catalysts
in Figure 5.5B, we can see that the Tafel slope of Ni 0.25 Cu 0.75 /C is 80 mV·dec-1, which is the lowest
value of all the samples studied including commercial RuO 2 . The lower Tafel slope indicates the
faster electrokinetic of the water oxidation process on the surfaces of Ni0.25 Cu 0.75 /C nanoparticles.
Interestingly, there are substantial changes in the anodic peak potentials and intensity values of the
bimetallic nanocatalysts compared to the monometallic Ni/C catalysts (Figure 5.5A: inset). The
anodic peak of the Ni/C OER polarization curve is approximately 1.40V, which is typically
attributed to redox reactions on surface active Ni sites.35 The area under the anodic peaks of
Ni0.75 Cu 0.25 /C, Ni0.50 Cu 0.50 /C and Ni0.25 Cu 0.75 /C, which are centered at 1.38 V, 1.44V and 1.48V,
respectively, are very different (Figure 5.6). Taking into account the area under the peaks, which
is mainly associated with NiOOH formation,36 the number of accessible Ni sites for Ni0.75 Cu 0.25 /C,
Ni0.50 Cu 0.50 /C and Ni0.25 Cu 0.75 /C were estimated to be 4.58·1014, 5.28·1014 and 7.90·1014,
respectively, showing that Ni0.25 Cu 0.75 /C exhibits the largest number of in-situ Ni active sites at
the surfaces. From the XPS analyses, the wt% of Ni at the surface of the bimetallic catalysts were
9.45, 9.97 and 5.27 for Ni0.75 Cu 0.25 /C, Ni0.50 Cu 0.50 /C and Ni0.25 Cu 0.75 /C, respectively.
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Figure 5.6: LSVs of the Ni0.75Cu0.25/C (green), Ni0.50Cu0.50/C (wine) and Ni0.25Cu0.75/C (purple)
nanocatalysts showing the NiOOH formation peak use for area integration.

These results illustrate that although Ni0.25 Cu 0.75 /C has fewer Ni species at the surface, it has more
in-situ effective OER active sites. These findings can be rationalized by the fact that not all of the
Ni atoms at the surface of the bimetallic nanoparticles are electrochemically active. It means that
only a small percent of surface Ni atoms are capable of efficiently catalyzing the water oxidation
processes. It has been reported that the OER catalytic performance of nickel (oxy)hydroxide films
is substantially improved upon the addition of small quantities of iron atoms.37 This behavior was
explained on the basis of structural distortions produced through the incorporation of iron atoms
into the coordination environment of Ni atoms, leading to improved overall catalytic activity.
Hence, it is reasonable to think that increasing the number of Cu atoms at the bimetallic
nanoparticle surfaces induces the changes in their lattice structures, which, in turn, influence both
the adsorption energies of the intermediate catalytic species and the electrochemical performance
of the Ni active sites. Ni0.25 Cu 0.75 /C also had the largest number of structural defects, which was
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confirmed by Raman experiments. Additionally, it was shown by XPS that the binding energy
shifts on the Ni 2p 3/2 band of Ni0.25 Cu 0.75 /C surpassed by almost a factor of 3 than those of the
other two bimetallic structures. The aforementioned binding energy shift is most likely produced
by more disorder in the coordination environment of the Ni atoms, which in fact, markedly increase
the strain energy at the interfaces of the nanodomains, thus facilitating the downshift of the d-band
center as well as the lowering of the binding energies of the intermediate catalytic species38, 39 and,
in turn, the activation of a larger number of Ni active sites at the nanoparticle surfaces.
The Ni-based catalysts follow three well-defined steps in the OER process:40, 41
NiOOH + OHNiO(OH) 2 + 2OHNiOO 2 + OH-

NiO(OH) + e-

E°= 1.43 V

NiOO 2 + 2H 2 O + 2e- E°=1.55 V
NiOOH + O 2 + e-

(8)
(9)
(10)

Steps 8 and 9 are both reversible processes and step 10 is irreversible and usually regulates the
overall OER rates. Consequently, catalytic materials speed up step 10. We believe that the
enhanced catalytic activity of Ni0.25 Cu 0.75 /C is driven by the introduction of additional surface
defects into the crystalline NiCu framework. To get in-depth information on the intrinsic activity
of the electrocatalysts, the electrochemical surface areas (ECSA) and roughness factor (RF) of the
monometallic and bimetallic nanoparticles were calculated from the double layer capacitance C dl
(Table 5.5). The C dl of Ni0.25 Cu 0.75 /C nanocatalysts surpassed by a factor of 2 than the values of
the other bimetallic nanoparticles, reaching 1.4 mF·cm-2 (Figure 5.5C), which clearly confirmed
the higher number of accessible OER active sites on these nanocatalysts. The OER polarization
curves were normalized by ECSA (Figure 5.5D) and Ni0.25 Cu 0.75 /C still exhibited the best OER
activity with the smallest onset potential values (1.50 V vs RHE).
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Valuable insights were obtained by plotting both overpotential and unit cell volume values of all
the carbon-encapsulated metallic nanoparticles as a function of the DFT-calculated OH- adsorption
energy (E OHB ) (Figure 5.5E). The superior performance of Ni0.25 Cu 0.75 /C perfectly matches the
moderate value of E OHB , which greatly favors the adsorption of the hydroxyl groups on each
catalytic step since the adsorption of these anions is not too strong, nor too weak as stated by the
Sabatier rule for ideal catalysts. The plot of the experimental OER onset potential values as a
function of the E OHB followed the typical volcano-shape trend, where the Ni0.25 Cu 0.75 /C is situated
at the minimum of the peak, indicating superior electrocatalytic activity. These findings could be
explained in terms of local structural distortions of the electrochemical interfaces of Ni0.25 Cu 0.75 /C
which activates several Ni sites, allowing the adsorption/desorption processes of the hydroxyl
anions and improving the overall OER rates. It was also observed a pronounced lattice contraction
of the Ni0.25 Cu 0.75 /C metallic frameworks (Table 5.1). The lattice contraction results in additional
strain effects at the interfaces which potentially favors the processes discussed above and,
therefore, the catalytic efficiency of Ni0.25 Cu 0.75 /C nanocatalysts.42, 43 To determine whether the
local structural changes at the surfaces of the bimetallic nanoparticles were beneficial to the OER
reaction, the free energy diagrams were calculated by DFT (Figure 5.5F). According to the
simulation results, Ni0.25 Cu 0.75 /C system exhibited the lowest overpotential of 0.79 eV, which
indicated that the formation of the O*, OH* and OOH* intermediate catalytic species were more
energetically favorable on the highly distorted Ni0.25 Cu 0.75 /C surfaces. It implied that the surface
defects of the nanoalloy material decreased the uphill energy states of each step of the OER process
and enhanced the overall catalytic activity towards the water oxidation. Interestingly, the
Ni0.25 Cu 0.75 /C exhibited a considerably lower ηOER value (0.79 eV) than that of the Ni0.75 Cu 0.25 /C
(1.17 eV), Ni0.50 Cu 0.50 /C (1.73 eV), Cu/C (4.48 eV) and Ni/C (1.04 eV) (Figure 5.5G).
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Additionally, DFT calculations revealed that the more energetically favorable catalytic active sites
on the NiCu nanoalloys were located in the three-fold hollow sites of NiCu (111) surfaces (Figure
5.7).

B)

A)

FS

IS

IS

FS

IS

FS

D)

C)

FS

IS
Cu

Ni

O

H

Non-surface atoms

Figure 5.7: A) Shows H* adsorbed on the surface of NiCu (Ni0.25 Cu0.75 is used here as an example),
initial state (IS) and final state (FS); B) Shows O* adsorbed on the surface of NiCu;
C) Shows OH* adsorbed on the surface of NiCu and D) Shows OOH* adsorbed on
the surface of NiCu.

The oxygen turnover frequencies (TOF) were calculated to further examine the intrinsic OER
activities (Table 5.2). The TOF value of Ni0.25 Cu 0.75 /C was found to be much higher than the
others, indicating their superior intrinsic activity for the OER. The current densities were
normalized to TOF and then plotted against potential to verify the theoretical results (Figure 5.5H),
and as shown, the higher performance of Ni0.25 Cu 0.75 /C compared to the other nanocatalysts
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reinforces the observed larger OER intrinsic activity for Ni0.25 Cu 0.75 /C nanoalloys. It was further
demonstrated by their higher mass and specific activity values (Table 5.2). Additionally,
Ni0.25 Cu 0.75 /C nanoalloys showed excellent electrochemical long-term stability properties in basic
media, keeping 97% of the initial current applied after 20000s and beating the stability of Pt/C
under the same experimental conditions (Figure 5.5I).
5.3.3 HER activities of Ni, Cu and bimetallic NiCu nanostructures
The HER properties of the bimetallic nanoparticles were evaluated using a three-electrode
electrochemical system in 0.5 M H 2 SO 4 (Figure 5.8A). All the potentials were referred to the
reversible hydrogen electrode (RHE) and all the linear sweep voltammograms (LSVs) are shown
with the corresponding iR-correction. Among all the samples, Ni0.25 Cu 0.75 /C exhibited the highest
electrocatalytic performance, delivering a very low onset potential of -75 mV vs RHE as well as
an overpotential of 184 mV at a geometrical current density of 10 mA·cm-2, which is lower than
that for Ni0.75 Cu 0.25 /C (334mV), Ni0.50 Cu 0.50 /C, (400 mV), Cu/C (471 mV) and Ni/C (437 mV).
These values are comparable or even better than many other recently reported electrocatalysts. To
gain further insight on the HER kinetics, Tafel plots were fitted to the equation η = alogj + b,

where η is the overpotential, a is the slope and j is the current density (Figure 5.8B). The Tafel
slope for Ni0.25 Cu 0.75 /C (84 mV·dec-1) is much smaller than for both pure Ni/C (106 mV‧s-1) and
Cu/C (179 mV·s-1) and the other two nanoalloys Ni0.75 Cu 0.25 /C (114 mV·s-1) and Ni0.50 Cu 0.50 /C
(125 mV·s-1), indicating that the Ni:Cu (1:3) ratio into the NiCu nanodomains markedly improves
the kinetics of the HER processes through a Volmer-Heyrovsky mechanism. To investigate the
intrinsic activity of the as-synthesized electrocatalysts, the electrochemical surface area (ECSA)
and RF of the electrocatalysts were calculated from the double layer capacitance (C dl ) values using
cyclic voltammetry (CV) and the results are presented in Figure 5.8C.44
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Figure 5.8: A) Polarization curves of HER process and B) the corresponding Tafel plots for Cu/C,
Ni/C, Ni0.50Cu0.50/C, Ni0.25Cu0.75/C, Ni0.75Cu0.25/C and commercial Pt/C in 0.5 M
H2SO4 at 2mV·s-1. C) Plots of the difference of anodic and cathodic current densities
against the scan rate for all the catalysts. D) Polarization curves normalized by ECSA
for Cu/C, Ni/C, Ni0.50Cu0.50/C, Ni0.25Cu0.75/C and Ni0.75Cu0.25/C nanocatalysts. E) The
onset potential and unit cell volume values for Cu/C, Ni/C, Ni0.50Cu0.50/C,
Ni0.25Cu0.75/C and Ni0.75Cu0.25/C as a function of the DFT-calculated EHB. F) The
corresponding ΔGH* for each nanoalloy. The closer the line is to 0 indicates a better
HER performance. G) Relationship between the Cdl and ΔGH* values for all the
electrocatalysts H) The average turn-over frequencies (TOFavg) of the nanocatalysts
displayed in (A) per surface site. I) I-t curves of Ni0.25Cu0.75 and its comparison with
commercial Pt/C at -0.35 V vs RHE.
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The Ni0.25 Cu 0.75 /C electrocatalyst displayed the highest ECSA of about 115 cm2, which is several
times higher than that of the other electrocatalysts. The results obtained from both approaches
demonstrate more electrocatalytically active sites in Ni0.25 Cu 0.75 /C than in the others, confirming
its better electrocatalytic performance for HER process. The polarization HER curves were
normalized by ECSA (Figure 5.8D) and Ni0.25 Cu 0.75 /C still exhibited better HER activities with
the lowest onset potential value (-0.11 V vs RHE). It is well known that the hybridization state of
different atoms in nanostructured alloys can finely tune their electrocatalytic properties. For
instance, it has been demonstrated that the combination of Ni and Mo significantly improves the
electrocatalytic properties for hydrogen generation. 45, 46 On the other hand, it is possible to regulate
the catalytic activity of bimetallic nanostructures by controlling their electronic structure as well
as the strain energy and/or lattice contractions via changes of their metal-metal ratios.13, 47-49 As it
was explained in the OER section, the surface defects induced by an increase of Cu atoms in the
crystalline framework of Ni0.75 Cu 0.25 /C plays a significant role in the electrocatalytic activity. It is
reasonable to assume that other composition-dependent effects derived from local structural
distortion processes of multimetallic nanocrystal interfaces such as the lattice dimension, the strain
energy and/or the number of energetically favourable binding sites, could be directly controlling
the electronic structures of the resulting bimetallic nanocatalysts and, in turn, their HER
performances.50 The strain effects are caused when the surface atom geometries are compressed
or expanded. In a bimetallic nanosystem, it can regulate both the electronic structure and the
binding energy of intermediate HER catalytic species, such as H*, on the nanoalloy surfaces,
which results in the deactivation or activation of the catalytically active surface sites.51 To probe
the underlying factors that govern the HER activity in our bimetallic NiCu particles, their onset
potential and the unit cell volume values were plotted as a function of the DFT-calculated hydrogen
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binding energy (E HB ) (Figure 5.8E). The E HB is an excellent descriptor of the HER catalytic
activity and it is closely linked with the position of the metal d-band center relative to the Fermi
level of the nanocatalyst.13 Interestingly, the unit cell volume values of the bimetallic
nanostructures decreases together with the onset potential values, following the trend
Ni0.50 Cu 0.50 /C ˃ Ni0.75 Cu 0.25 /C ˃Ni0.25 Cu 0.75 /C, which indicates that the lattice contraction of the
nanoalloys is markedly improving their catalytic performance. It is well-known that when two
metals with different lattice parameters are mixed to form a bimetallic system, a lattice mismatch
is generated at the interface of the metal nanodomains, which leads to a lattice distortion in the
crystalline framework.50,

52, 53

The defective sites can create additional strain effects at the

interfaces of the nanodomains which facilitate the distortion of the lattice parameters, and in turn,
their pronounced lattice contraction. The lattice contraction gives rise to the downshift of the dband center, which, in turn, decreases the adsorption energy of the reaction intermediate species
boosting the catalytic efficiency of Ni0.25 Cu 0.75 /C towards the generation of molecular hydrogen.5456

The Sabatier principle predicts that interactions between reactants and intermediates and the

catalyst surface must be ideally balanced to reach very high catalytic performances. In this sense,
the hydrogen adsorption value estimated for the Ni0.25 Cu 0.75 /C catalytic surfaces is neither too
small nor too large, which maximizes the HER efficiency by optimizing the interactions of the
reactants and intermediate species at the electrochemical interfaces. It should be pointed out that
the catalytic active sites for hydrogen adsorption were localized at the three-fold hollow sites of
NiCu (111) surfaces (Figure 5.7).
Our DFT calculations show that Ni0.25 Cu 0.75 /C has a ΔG H* very close to 0 (-0.05 eV),
surpassing by far the values for Ni0.75 Cu 0.25 /C (0.62 eV), Ni0.50 Cu 0.50 /C (0.38 eV), Cu/C (-0.29
eV) and Ni/C (0.86 eV) (Figure 5.8F). The relationship between the experimentally measured C dl

134

and ΔG H* values of the five electrocatalysts is shown in Figure 5.8G. For Ni0.25 Cu 0.75 /C, the
smallest value of ΔG H* together with the largest C dl determines the observed optimized HER
activity. We have also calculated the hydrogen turn over frequency (TOF) for all of the
electrocatalysts to further investigate their intrinsic HER performance. The TOF value for
Ni0.25 Cu 0.75 /C is several times higher than for the others studied. The experimental TOFs were
found to be 0.62, 0.28, 0.10, 0.061 and 0.056 s-1 for Ni0.25 Cu 0.75 /C, Ni0.75 Cu 0.25 /C, Ni0.50 Cu 0.50 /C,
Ni/C and Cu/C at -0.15 V, respectively (Table 5.3). To gain further insight on the nature of the
catalytically active sites of the nanoalloys, the number of hydrogen molecules evolved per second
per active site were carefully plotted against the potential for each catalyst and Ni0.25 Cu 0.75 /C
electrocatalyst showed better performance than the others (Figure 5.8H). The higher performance
of Ni0.25 Cu 0.75 /C can be directly linked to the pronounced interfacial lattice mismatch of its crystal
structure which downshifts the d-band and enhances the interaction with the H reactive
intermediates decreasing the ΔG H* values and promoting overall HER activity. The calculated
higher mass activity and specific activity values for Ni0.25 Cu 0.75 /C also shows its superior intrinsic
activity toward the HER process (Table 5.3). Finally, Ni0.25 Cu 0.75 /C showed ultrahigh
electrochemical stability in acidic media, maintaining 99% of the initial current applied after
20000s and surpassing the Pt/C stability under the same experimental conditions (Figure 5.8I).
5.3.4 ORR activities of Ni, Cu and bimetallic NiCu nanostructures
The ORR activity of the carbon-embedded mono and bimetallic nanoparticles was
evaluated via steady-state linear sweep voltammetry (LSV) in O 2 -saturated 0.5 M NaOH solution
under static and dynamic conditions. Figure 5.9 compares the resulting voltametric curves obtained
for O 2 -saturated and Ar-saturated solutions, displaying very well-defined ORR cathodic peaks and
demonstrating that the oxygen electroreduction processes are taking place at the electrochemical
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interfaces. Remarkably, Ni0.25 Cu 0.75 /C exhibited a more positive oxygen electroreduction peak at
0.67 V vs RHE than those of the other studied catalysts, indicating better electrocatalytic ORR
activity than the others.
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-0.2
-0.4

Samples in Ar-sat. sol.
Cu/C in O2 sat. sol.
Ni/C in O2 sat. sol.
Ni0.75Cu0.25/C O2 sat. sol.
Ni0.50Cu0.50/C O2 sat. sol
Ni0.25Cu0.75/C O2 sat. sol
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E /V vs RHE

Figure 5.9: CVs of the as-synthesized electrocatalysts in Ar- and O2-saturated 0.5 M NaOH
solution.
Figure 5.10A displays the ORR polarization curves for all the catalysts. Ni0.25 Cu 0.75 /C shows a
much higher value of the onset potential (0.95V vs RHE) and the half-wave potential (0.80 vs
RHE) than the other mono and bimetallic catalysts. The performance is comparable or even better
than for many other recently reported ORR electrocatalysts. Furthermore, the Tafel plots and the
ECSA normalized ORR polarization curves also confirmed the superior ORR activity of
Ni0.25 Cu 0.75 /C, demonstrating both the larger intrinsic activity and faster kinetics than the other
systems (Figure 5.10B and Figure 5.10C). In contrast with the observed OER and HER trends, the
other two bimetallic catalysts show very similar ORR performance compared with those of the
monometallic catalysts (Table 5.4).
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Figure 5.10: A) Polarization curves of the ORR process and B) the corresponding Tafel plots for
Cu/C, Ni/C, Ni0.50Cu0.50/C, Ni0.25Cu0.75/C, Ni0.75Cu0.25/C and commercial Pt/C in 0.5
M NaOH at 2mV·s-1. C) Polarization curves normalized by ECSA for Cu/C, Ni/C,
Ni0.50Cu0.50/C, Ni0.25Cu0.75/C and Ni0.75Cu0.25/C. D) Rotating disk voltammogram
(RDV) curves at different rotation rates for all the samples. Inset: K-L plots. E) ORR
onset potential and unit cell volumes as a function of the DFT-calculated EOB. F) Free
energies for the ORR pathways for all catalysts. G) Relationship between Cdl and
ΔGH* values for all electrocatalysts. H) Mass activity (MA) and specific activity (SA)
values for all the nanocatalysts I) I-t curves for Ni0.25Cu0.75 and its comparison with
commercial Pt/C at 0.7 V vs RHE.
To gain further insights into the kinetic parameters for the ORR, rotating-disk voltammetry (RDV)
measurements were performed at different rotation rates, between 250 and 2500 rpm, at a scan rate
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of 10 mV·s-1 (Figure 5.10D). The onset ORR potential was found to be 0.96 V vs RHE. The inset
of Figure 5.10D shows the resulting K-L plot for Ni0.25 Cu 0.75 /C. The excellent fit confirms a firstorder reaction for dissolved O 2 .57 Using the K-L equations, the average number of electrons
transferred (n) per oxygen molecule at 0.6 V vs RHE and the resulting kinetic-limiting current
density (J k ) values were estimated to be 4.106 and 10.63 mA·cm-2, respectively. The number of
electrons exchanged per O 2 molecule with Ni0.25 Cu 0.75 /C is close to 4, indicating that the
electrochemical reaction follows the most efficient electron pathway. Additionally, the difference
of anodic and cathodic current densities as a function of scan rates was plotted for all the samples.
As it is shown in the OER section, Ni0.25 Cu 0.75 /C displays the larger C dl value in the alkaline media
and therefore, it possesses the largest number of ORR active sites. The electrocatalytic
performance can be tuned by varying the oxygen binding energy (E OB ) which constitutes a good
descriptor of the catalytic efficiency of a large portfolio of reactions. Considering the Sabatier rule,
very strong binding energies lead to surface oxidation, which lowers the catalytic activity, while
very weak binding energies give rise to a fast desorption of the oxygen from the active site.
Consequently, optimized ORR activity requires moderate E OB values, balancing both the surface
oxidation and desorption processes at the same time. To obtain a better understanding of the
superior ORR activity of Ni0.25 Cu 0.75 /C, we have plotted the onset potential and unit cell volume
values as a function of the DFT-calculated oxygen binding energy values (E OB ) (Figure 5.10E).
Among all, Ni0.25 Cu 0.75 /C exhibits an optimum oxygen binding energy for electroreduction which
is the midway value between the oxygen binding energies for the pure metallic nanoparticles. The
lowest unit cell volume value of Ni0.25 Cu 0.75 /C reflects that the lattice contraction and therefore,
the high strain energy strongly helps to improve the ORR catalytic rates and thereby, reducing the
binding energy of oxygen based adsorbates, such as O* and OH*, increases the electron transfer
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rates at the catalytically active surface sites.58, 59 Our DFT calculations showed a good agreement
with the experimental results. In detail, a significant reduction of the Gibb’s free energies for the
O*, OH* and OOH* intermediate catalytic species was observed (Figure 5.10F). Ni0.25 Cu 0.75 /C
exhibited a lower ηORR value (0.87 eV) than those for Ni0.75 Cu 0.25 /C (1.23 eV), Ni0.50 Cu 0.50 /C (0.96
eV), Cu/C (3.52 eV) and Ni/C (1.32 eV) (Figure 5.10G) as well as the C dl of Ni0.25 Cu 0.75 /C is
better than for all catalysts, indicating that the electrochemical performance is optimized for this
Ni:Cu ratio. The calculated mass activity and specific activity values for the electrocatalysts are
presented in Figure 5.10H. Like for the OER and HER processes, the TOF, mass activity and
specific activity of the electrocatalysts were calculated at 0.75 V vs RHE (Table 5.4) and it was
found that Ni0.25 Cu 0.75 /C exhibits the best intrinsic activity toward the ORR process. Finally,
Ni0.25 Cu 0.75 /C showed an excellent long-term electrochemical stability compare to commercial
Pt/C, keeping 91% of the initial current applied after 20000s (Figure 5.10I).
5.4 CONCLUSION
In summary, we report the facile synthesis of tri-functional bimetallic Ni:Cu nanoparticles
encapsulated in carbon that allows for the systematic control of the structure and the electronic
properties and produce an effective catalyst for HER, OER and ORR reactions. The Ni:Cu ratio
was varied to control the structural and electronic properties of the bimetallic nanoparticles.
Experimentally and theoretically, it was established that the local distortion of the crystalline
lattice at the bimetallic nanostructured surfaces were associated to the downshift of the d-band and
the lowering of the binding energies of the intermediate reactive species, which in turn, increase
the electron transfer rates of the catalytically active surface sites and improves the overall reaction
rates. The DFT-calculated binding energy values were used as desirable parameters to describe the
trifunctional electrocatalytic efficiency of the bimetallic nanoalloys. Thus, the nanocomposite
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Ni0.25 Cu 0.75 /C, which exhibits a near-optimal binding energy for HER, OER and ORR reactions,
shows an impressive trifunctional catalytic activity that outperforms commercial Pt and RuO 2
catalysts. Our findings provide in-depth insights to directly correlate the structure–catalytic
function relationships of carbon-encapsulated NiCu bimetallic nanostructures, thus paving the way
towards the rational design of low-cost and scalable multifunctional catalytic nanosystems.

5.5 SUPPORTING INFORMATION
5.5.1 Computational methods
To investigate the catalytic activities of the NiCu alloys, five specific compositions were
selected and studied in this project in accordance with the experiments. Overpotentials during the
process of HER, OER and ORR were determined through first-principles calculations by
calculating the Gibbs free energy of H*, OH* and OOH* on the surfaces of different catalysts.
These first-principles calculations were executed on the basis of DFT and were performed using
the Vienna ab initio simulation package (VASP)S1, S2. The core electrons were treated using
projected augmented wave (PAW) pseudopotentialsS3, while the exchange correlation energies
were evaluated by the formulations of Perdew−Burke−Ernzerhof (PBE) and ultra-soft potentials
within the generalized gradient approximation (GGA)S4, S5. The cut-off energy for the plane wave
was set to be 400 eV, which was found to be sufficient for convergence of the adsorption energies.
The FCC structures for each NiCu alloys (Cu, Ni0.25 Cu 0.75 , Ni0.50 Cu 0.50 , Ni0.75 Cu 0.25 and Ni) were
generated according to the experiment observation and tested with the VASP calculations. After
relaxation the alloys showed a steady FCC structure, which matches the experimental observation.
To simulate the free surface, a slab model with 2 × 2 × 2 supercells of the five alloys was employed.
A relatively large vacuum gap of 20 Å was set in the slab model to prevent its interaction with the
periodic image of the lower layer. The bottom lattice of the model was fixed at the ground-state
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bulk distances, while the top lattice was set to be free to move in all directions. k-point meshes of
5 × 3 × 1 were found to be sufficient to give a self-consistent field (SCF) convergence criterion of
1 × 10−5 eV. For each structure, atomic positions were relaxed first to reach their equilibrium.
Thereafter, the adsorbate ion was placed on the top of the active sites (on the relaxed free surface)
at a certain distance to calculate the total formation energy. The internal energy of the isolated
adsorbates was also calculated. The adsorption energy 𝐸𝐸𝑎𝑎𝑎𝑎 was then calculated using Eq S1.S6, S7
𝐸𝐸𝑎𝑎𝑎𝑎 = 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

(S1)

Where 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 , 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 , and 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 refer to the total energy of the NiCu alloy and adsorbate,
the energy of the NiCu substrate and the energy of the isolated adsorbate, respectively. Based on
this definition, the more negative value of 𝐸𝐸𝑎𝑎𝑎𝑎 represents a higher thermodynamic stability of the

system. The Gibbs free energy difference ∆𝐺𝐺 was then calculated to describe the catalytic property
by additional calculations. For HER, the Gibbs free energy difference ∆𝐺𝐺𝐻𝐻 is S6, S7
∆𝐺𝐺𝐻𝐻 = 𝐸𝐸𝑎𝑎𝑑𝑑−𝐻𝐻 − ∆𝐸𝐸𝑍𝑍𝑍𝑍𝑍𝑍 − 𝑇𝑇∆𝑆𝑆𝐻𝐻

(S2)

Where 𝐸𝐸𝑎𝑎𝑎𝑎−𝐻𝐻 refers to the adsorption energy of H* (* denotes the uncertain ion state) on the NiCu

surface. ∆𝐸𝐸𝑍𝑍𝑍𝑍𝑍𝑍 refers to the difference of zero-point energy, which can be obtained from vibration

frequency calculations. 𝑇𝑇 is temperature and ∆𝑆𝑆𝐻𝐻 is the difference of entropy for the adsorbate,
here is described as half of 𝑆𝑆𝐻𝐻 , which is known thermodynamic properties for each adsorbate.

For OER and ORR, the Gibbs free energy difference ∆𝐺𝐺 also contains electron transfer and can be

described asS6, S7

∆𝐺𝐺 = 𝐸𝐸𝑎𝑎𝑎𝑎 − ∆𝐸𝐸𝑍𝑍𝑍𝑍𝑍𝑍 − 𝑇𝑇∆𝑆𝑆 + ∆𝐺𝐺𝑈𝑈 + ∆𝐺𝐺𝑝𝑝𝑝𝑝
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(S3)

Where ∆𝐺𝐺𝑈𝑈 = −𝑒𝑒𝑒𝑒, and 𝑈𝑈 refers to the potential based on the standard hydrogen electrode. ∆𝐺𝐺𝑝𝑝𝑝𝑝

represents the Gibbs free energy corrected by the 𝐻𝐻 + concentration. ∆𝐺𝐺𝑝𝑝𝑝𝑝 = −𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘10 ∗ 𝑝𝑝𝑝𝑝. For

the four OER processes, the free energy changes can be described as S6, S7

Δ𝐺𝐺1 = Δ𝐺𝐺𝑂𝑂𝑂𝑂∗ Δ𝐺𝐺2 = Δ𝐺𝐺𝑂𝑂∗ − Δ𝐺𝐺𝑂𝑂𝑂𝑂∗ Δ𝐺𝐺3 = Δ𝐺𝐺𝑂𝑂𝑂𝑂𝑂𝑂∗ − Δ𝐺𝐺𝑂𝑂∗ Δ𝐺𝐺4 = 4.92 − Δ𝐺𝐺𝑂𝑂𝑂𝑂𝑂𝑂∗

Δ𝐺𝐺𝑎𝑎 = Δ𝐺𝐺𝑂𝑂𝑂𝑂𝑂𝑂∗ − 4.92

Δ𝐺𝐺𝑏𝑏 = Δ𝐺𝐺𝑂𝑂∗ − Δ𝐺𝐺𝑂𝑂𝑂𝑂𝑂𝑂∗ Δ𝐺𝐺𝑐𝑐 = Δ𝐺𝐺𝑂𝑂𝑂𝑂∗ − Δ𝐺𝐺𝑂𝑂∗ Δ𝐺𝐺𝑑𝑑 = −Δ𝐺𝐺𝑂𝑂𝑂𝑂∗

(S4)
(S5)

The subscript numbers and letters in Eq. (S4) and (S5) indicate the free energy changes during
OER and ORR, respectively. To evaluate the catalytic performance, the overpotential (𝜂𝜂) of OER
and ORR processes can be obtained by the following equations S6, S7
𝜂𝜂𝑂𝑂𝑂𝑂𝑂𝑂 = max{Δ𝐺𝐺1 , Δ𝐺𝐺2 , Δ𝐺𝐺3 , Δ𝐺𝐺4 } − 1.23

𝜂𝜂𝑂𝑂𝑂𝑂𝑂𝑂 = max{Δ𝐺𝐺𝑎𝑎 , Δ𝐺𝐺𝑏𝑏 , Δ𝐺𝐺𝑐𝑐 , Δ𝐺𝐺𝑑𝑑 } + 1.23

(S6)
(S7)

5.5.2 Lattice constant for the prepared electrocatalysts

The lattice constants for the Cu/C, Ni/C, Ni0.50 Cu 0.50 /C, Ni0.75 Cu 0.25 /C and Ni0.25 Cu 0.75 /C
electrocatalysts can be calculated according to the relationship between the d-spacing and lattice
constants for a face centered cubic (FCC) crystal system:
dhkl =

λ
h2 + k 2 + l2 + −1/2
= [
]
2Sin(θhkl )
a2

Solving the above equation for the (111) peak gives the lattice constants as shown in Table 5.1.
The lattice constants for the bimetallic electrocatalysts are in between of the monometallics.
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Table 5.1: (111) peak positions and lattice constants for Cu/C, Ni/C, Ni0.50 Cu 0.50 /C,
Ni0.75 Cu 0.25 /C and Ni0.25 Cu 0.75 /C as determined by the XRD.

5.5.3 Turnover frequency (TOF) calculations

To calculate the per-site turnover frequency, we have used the following formula as
reported by Jaramillo et al.S8
# number of total hydrogen turnover per cm2
# H2 × |j|
=
# number of active sites per cm2
active sites
The total number of hydrogen turn overs (#H 2 ) was calculated from the current density according
TOF =

to the following equation.
mA
1 Cs−1
1 mol e− 1 mol H2 6.022 × 1023 H2 molecules
)(
)(
)(
)(
)
cm2 1000 mA 96485.3 C 2 mol e−
1 mol H2
H2 /s
mA
= 3.12 × 1015
per
cm2
cm2
mA
1 Cs −1
1 mol e− 1 mol O2 6.022 × 1023 O2 molecules
#O2 = (j 2 )(
)(
)(
)(
)
cm 1000 mA 96485.3 C 4 mol e−
1 mol O2
O2 /s
mA
= 1.56 × 1015
per
2
cm
cm2
−1
−
mA
1 Cs
1 mol e
1 mol H2 O 6.022 × 1023 H2 O molecules
#H2 O = (j 2 )(
)(
)(
)(
)
cm 1000 mA 96485.3 C 4 mol e−
1 mol H2 O
H2 O/s
mA
= 1.56 × 1015
per
cm2
cm2
#H2 = (j
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As the exact hydrogen binding sites are unknown, we predictably estimate the total
number of surface sites or active sites by using the following equation. A similar
approach was applied to estimate the TOF for Ni2 P and CoP.S9, S10
# number of active sites per real surface area (here calculated for Ni0.25 Cu 0.75 /C):
2

number of atoms/unit cell 3
# number of active sites = �
�
unit cell volume/unit cell

= �

4 atoms/unit cell

2
3

�
Figure 5.11: FCC unit
44.62 Ao3/unit cell
cell of Ni0.25Cu0.75
= 2.00 × 1015 atoms cm−2
real
We have demonstrated the TOF calculations for the best Ni0.25 Cu 0.75 /C electrocatalyst in case of
HER, OER and ORR processes. The other TOF values for the other electrocatalysts were also
calculated accordingly.
For HER process: The current density at an overpotential of 0.15 V (vs RHE) is 5.76 mA‧cm-2 for
the Ni0.25 Cu 0.75 /C electrocatalyst.
H2 /s
mA
mA
per
× 20
2
2
cm
cm
cm2 = 8.98 s−1
TOF =
15
−2
2.00 × 10 sites cm
For OER process: The current density at an overpotential of 1.65 V (vs RHE) is 12.40 mA‧cm-2
3.12 × 1015

for the Ni0.25 Cu 0.75 /C electrocatalyst.
O2 /s
mA
mA
per
× 12.40
2
2
cm
cm
cm2 = 9.67 s−1
TOF =
15
−2
2.00 × 10 sites cm
For ORR process: The current density at an overpotential of 0.75 V (vs RHE) is 0.80 mA‧cm-2 for
1.56 × 1015

the Ni0.25 Cu 0.75 /C electrocatalyst.
H2 O/s
mA
mA
2 per cm2 × 0.80 cm2
cm
TOF =
= 0.62 s−1
2.00 × 1015 sites cm−2
Finally, the plot of current density can be converted into a TOF plot based on the following
1.56 × 1015

equation:
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For HER Process:

For OER Process:

TOF =
TOF =

(3.12 × 1015 ) × |j|
# number of active sites × AECSA
(1.56 × 1015 ) × |j|
# number of active sites × AECSA

Table 5.2: Comparison of OER electrocatalytic performance of Cu/C, Ni/C, Ni0.50Cu0.50/C,
Ni0.75Cu0.25/C and Ni0.25Cu0.75/C electrocatalysts in 0.5 M NaOH solution.
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Table 5.3: Comparison of HER electrocatalytic performance of Cu/C, Ni/C, Ni0.50Cu0.50/C,
Ni0.75Cu0.25/C and Ni0.25Cu0.75/C electrocatalysts in 0.5 M H2SO4 solution.

Table 5.4: Comparison of ORR electrocatalytic performance of Cu/C, Ni/C, Ni0.50Cu0.50/C,
Ni0.75Cu0.25/C and Ni0.25Cu0.75/C electrocatalysts in 0.5 M NaOH solution.
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Table 5.5: The obtained Cdl, ECSA and RF values for different electrocatalysts in HER and OER
conditions.
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Chapter 6: Tuning the intermolecular electron transfer of low dimensional and metal-free
BCN/C60 electrocatalysts via interfacial defects for efficient hydrogen and oxygen
electrochemistry
6.1 INTRODUCTION
Low-dimensional catalytic materials have recently impacted the scientific community as
promising functional building blocks to construct highly efficient supramolecular nanoscale
structures for water electrocatalysis.1, 2 A wide portfolio of heterostructures can be obtained from
the non-covalent integration of 0D, 1D and 2D nanomaterials into 0D-1D, 0D-2D, 1D-2D and 2D2D hybrids to achieve sustainable alternatives for advanced electrocatalytic systems.3 The
electronic structures and catalytic performances of supramolecular nanoassemblies have been
starting to be tailored by controlling the interfacial interactions between their components, thus
paving the way towards a new generation of tunable molecular electrocatalysts.4, 5 Among them,
the non-covalent heterostructures based on metal-free carbon nanomaterials are gaining special
interest due to their unique physicochemical properties such as large surface areas, excellent
electronic and mechanical properties as well as their affordable prices,6 which allow them to
compete with the traditional noble metal-based electrocatalysts. In addition, noble metal-based
electrocatalysts often undergo several problems associated with their high prices, susceptibility to
CO poisoning, low durability and selectivity, which obstruct their applications for fuel cell
technologies.6 Therefore, it is of utmost interest to develop highly stable and durable metal-free
carbon-based electrocatalysts with higher electrochemical activities for a sustainable future.
Remarkably, some new non-metal-based catalysts have exhibited excellent activities for oxygen
and/or hydrogen electrochemistry under a broad range of pH, outperforming by far the catalytic
activity and the long-term electrochemical stability properties of conventional benchmark
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catalysts, including Pt and RuO 2 .4 For instance, experimental and theoretical studies have
confirmed that the high catalytic activities of low-dimensional heterostructures such as 0D-1D
graphene quantum dots/graphene nanoribbons7 and 1D-2D CNT/graphene8 are ascribed to the
efficient intramolecular charge transfer processes between their intimately contacted components,
which result in abundant and highly accessible catalytic active sites. Among the most promising
metal-free 2D-platforms to fabricate supramolecular hybrid electrocatalytic nanomaterials, boron
carbon nitride nanosheets (BCN NSs) have the desirable physicochemical properties of both 2D
hexagonal boron nitride (h-BN) and graphene.9-12 They can also act as high-performance
nanoplatforms for energy-related purposes due to their unique electrical conductivity, mechanical
and chemical stability and the synergistic N and B heteropolar bonding contribution, which can
increase the electroactivity rates.13-17 Up to now, BCN nanostructures have achieved notable
results in oxygen reduction (ORR) and hydrogen evolution (HER) reactions, delivering excellent
yields in both alkaline and acid solutions.18, 19
Despite these remarkable results, the electrocatalytic performance of BCN nanosheets and
other emerging non-metal 2D nanomaterials have not been improved yet because their electronic,
physical and chemical properties are confined in a 2D structure and the number of catalytic centers
as well as their intrinsic performances cannot be easily tailored, thus limiting their further
applications for electrocatalysis.2 Therefore, the interface engineering of 2D-nanostructures with
other LD architectures could expand their potential to develop new and novel nano-electrocatalytic
systems. In this sense, the short range interfacial interactions of two LD materials can promote a
plenty of high-speed electron pathways and a simultaneous electronic coupling, thus speeding up
the ET processes at the interface as well as optimizing the energy adsorption states of the
intermediate catalytic species.1, 6 Buckminsterfullerene (C 60 ) is a 0D carbon structure that exhibits
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extraordinary electron-accepting properties and high-affinity to construct supramolecular
assemblies, thus becoming strong candidates to build efficient multifunctional metal-free hybrid
electrocatalysts.1, 20-22 The integration of C 60 molecules into the BCN network could generates
new tunable interfacial active sites as a consequence of the electronic flow between both LD
materials, thus boosting the electrocatalytic properties of the assembled materials compared with
their individual components.
To the best of our knowledge, no report of supramolecular boron carbon nitride and
fullerene-based nanoheterostructures for high-performance electrocatalysis has been published. In
this work, we fabricated a novel class of supramolecular metal-free and low dimensional 0D-2D
nanohybrid formed by zero-dimensional C 60 molecules and two-dimensional BCN nanosheets.
The 0D-2D nanohybrids were constructed by varying the F/BCN weight ratios (5% F/BCN,
10%F/BCN, 20%F/BCN and 30% F/BCN) to form non-metallic multifunctional electrocatalysts
for HER, HOR, OER and ORR reactions that exhibit better electrocatalytic properties compared
to their individual components. The multifunctional electrocatalytic activity of F/BCN
nanoassemblies was finely tuned with the local structural defects at the 0D-2D interfaces. The
fullerene/BCN interfacial interactions induced slight distortions on the planar sp2 BCN surfaces,
allowing the electronic coupling between the N and B atoms with the fullerenes and the formation
of interfacial catalytic sites. Importantly, XPS and Raman experiments also demonstrated that the
effectiveness of the electronic coupling depends on the weight percentages of the fullerene
molecules, which markedly influence the intrinsic catalytic activity of the interfacial catalytic sites
and in turn, the overall multifunctional electrocatalytic performance of the 0D-2D catalysts. This
report provides a deep insight on the structure/catalytic function of C 60 -BCN via a thorough
combination of theory and experiment.
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6.2 MATERIALS AND METHODS
6.2.1 Materials
All reagents were purchased and used as received without any further puriﬁcation.
Polyethylene glycol (PEG), boric acid (H 3 BO 3 ), urea, fullerene (C 60 /F), ethanol, isopropyl alcohol
(IPA), sodium hydroxide, sulfuric acid, phosphate-buffered saline (PBS), Nafion solution (5 wt%),
Pt/C (20%) and ruthenium oxide (RuO 2 ) were purchased from Sigma-Aldrich. Deionized water
(DW, 18 MΩ/cm) was obtained from the Milli-Q® instrument.
6.2.2 Synthesis of F/BCN electrocatalysts
Initially, the boron carbon nitride nanosheet precursors were prepared to obtain the desired
F/BCN electrocatalysts. Urea (10 g), boric acid (0.3 g) and PEG-2000 (2 g) were first dissolved in
60 mL of water in a 100 mL beaker under continuous stirring until a transparent solution was
observed. The solution was then dried in an oven at 80 °C for 12 h. Subsequently, the obtained
solid was carbonized at 900 °C with a 5 oC/min for 4 h under an argon atmosphere. The black
powder (BCN NSs) was collected after the tubular furnace cooled down to room temperature. For
making the F/BCN electrocatalysts, 50 mg of BCN NSs powder were placed in a beaker and mixed
with 20 mL of IPA and sonicated for 30 min. Considering that the IPA is soluble in toluene, a
fullerene solution in toluene (from 5 to 30 wt%) was then added slowly to the BCN NSs solution
using a bath sonicator for 30 min to form the F/BCN nanohybrids. The nanohybrids were then
collected by centrifugation followed by washing with toluene and water several times and then
dried at 70 oC for overnight in a vacuum oven.
6.2.3 Electrochemical Measurements
The electrochemical measurements were done using a three-electrode system on an
electrochemical workstation. A glassy carbon, graphite rod and Ag/AgCl were used as the
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working, counter and reference electrodes, respectively. To prepare the catalyst ink for the working
electrode, 1 mg of the F/BCN nanohybrids and 30 µL of Nafion solution (5% wt) were dispersed
in 1 mL of ethanol. The slurry was then bath sonicated for 30 min to form a homogenous ink.
Afterward, 10 µL of the catalyst ink was deposited on the working electrode and dried in air. All
electrodes were made by depositing the same amount of catalyst ink on the working electrode
using the same methodology. Linear sweep voltammetry (LSV) measurements were carried out at
a scan rate of 2 mV‧s−1 in an electrolyte solution (0.5 M H 2 SO 4 for HER and HOR processes, 0.5
M NaOH for OER and ORR processes). The mass activity (MA), specific activity (SA) and
turnover frequency (TOF) values were calculated at -0.4 V, 1.7 V and 0.65 V for the HER, OER
and ORR processes, respectively. The overall water splitting experiments including the fabrication
of carbon cloth electrodes were conducted following a previously reported mehod.23 All the
voltage values were referenced to the reversible hydrogen electrode (RHE) using the following
equation24
E RHE = E Ag/AgCl + 0.197 V + 0.059 pH

(1)

Afterward, the Tafel equation was used to calculate the Tafel slope to investigate the
electrocatalytic performances as well as the kinetics of the HER/OER/ORR processes,24
η = a + b𝑙𝑙𝑙𝑙𝑙𝑙 𝑗𝑗

(2)

where j, ƞ, a and b are the current density, overpotential, transfer coefficient and Tafel slope,
respectively.
A glassy carbon disc (5 mm in diameter, Pine Instruments Company) was used as the
working electrode in the rotating disc electrode (RDE) experiments. All electrochemical
measurements were conducted within a potential range from 0.1 to − 0.60 V vs Ag/AgCl at a scan
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rate of 10 mV‧s-1. All potentials were referenced to the RHE. The kinetic parameters were assessed
by using the Koutecky-Levich (K-L) equations24, 25
1
𝐽𝐽

=

1

𝐽𝐽𝐿𝐿

+

1

𝐽𝐽𝐾𝐾

=

1

𝐵𝐵𝜔𝜔1/2

2/3

𝐵𝐵 = 0.20 𝑛𝑛𝑛𝑛𝐶𝐶0 𝐷𝐷0 𝑣𝑣 −1/6

+

1

𝐽𝐽𝐾𝐾

(3)

(4)

Where J, J k and J L are the measured, kinetic- and diffusion-limiting current densities, respectively;
n is the transferred number of electrons for the ORR process, ω is the angular velocity, F is the
Faraday constant, Co is the bulk concentration of oxygen (1.2x10-6 mol‧cm-3), ν is the kinematic
viscosity of the electrolyte (0.01 cm2‧s -1) and D o represent the oxygen diffusion coefficient that
exhibit a value of 1.9‧10-5 cm2‧s -1.
6.3 RESULTS AND DISCUSSION
6.3.1 Structural and morphological characterization of F/BCN electrocatalysts
In a typical synthetic process, a F/toluene solution was gently injected into a BCN NSs/IPA
solution under constant bath sonication. This formed a dark brown interface in between the two
liquid phases, indicating the formation of the F/BCN nanohybrids. The diffusion of both
components from their respective solutions lead to the formation of the interface. The attachment
of fullerene molecules onto the BCN NSs surfaces occur via a p-p stacking interaction. Finally,
the fullerene decorated BCN NSs can be obtained by centrifugation of the solution. The schematic
diagram for the synthesis of F/BCN nanohybrids is presented in Figure 6.1A.
The BCN NSs and F/BCN nanohybrid samples were characterized by X-ray powder diffraction
(XRD) and the results are presented in Figure 6.1B. The XRD pattern of BCN NSs displayed two
characteristic bands at around 25° and 44°, which typically represent the 002 and 101 interlayer
reflections of the BCN, respectively.26
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Figure 6.1: A) Schematic representation of the synthesis of F/BCN nanohybrids; B) XRD analysis
of the nanohybrids; C-F) XPS survey spectra, high-resolution XPS B 1s, C 1s and N
1s spectra of 10% F/BCN nanohybrid, respectively and G) comparison of C 1s
spectra for F, 5% F/BCN, 10% F/BCN, 20% F/BCN and 30% F/BCN nanohybrids.

On the other hand, the XRD pattern of F/BCN nanohybrids showed several diffraction peaks at
around 10.83, 17.72, 20.76, 21.70, 27.56, 28.23, 30.94 and 32.86o, that correspond to the (111),
(220), (311), (222), (331), (420), (422) and (511) diffraction planes of F, respectively, in addition
to showing the diffraction pattern of BCN as well.4, 27 Upon the interaction of F with BCN NSs,
the BCN diffraction peak (002) is slightly shifted to ~25.5o. The XRD spectra of all F/BCN
nanohybrids in Figure 6.1B showed a higher degree of crystallization, suggesting a good charge
mobility as well as electrochemical stability. The XRD patterns demonstrated that the fullerenes
had been successfully incorporated onto the BCN NSs surface. Raman spectroscopy is a non162

destructive and fast technique that can provide insightful information about the lattice and
electronic structures of carbon-based nanomaterials.4 Raman spectra of the BCN NSs, pristine F
and F/BCN nanohybrids are presented in Figure 6.2.

Figure 6.2: Raman spectra of the as-synthesized electrocatalysts [the peaks inside the black box
correspond to the pentagonal pinch mode Ag (2) of fullerene molecule].
The BCN NSs display two sharp peaks at around 1345 and 1588 cm-1 for the D and G bands,
respectively.19 Generally, the D-band reflects the defects or lattice distortion of the carbons, while
the G-band represents the graphitic and crystallization degree of the carbon-based materials.4, 19
The Raman spectra of F shows a sharp peak at around 1466 cm-1, which is characteristic for the
fullerene molecule due to the pentagonal pinch mode Ag (2).5, 28 On the other hand, the F/BCN
nanohybrids showed the presence of all three Raman bands (D and G-band for BCN NSs and
pentagonal pinch A g (2) mode for fullerene) with a slight shift, indicating the successful synthesis
of F/BCN hybrids. For instance, the G band for BCN NSs shifts from 1588 to 1598 cm-1 for the
10% F/BCN hybrid, demonstrating a charge transfer from the BCN NSs to the fullerene.4, 28, 29 The
intensity ratio of the D to G-band (I D /I G ) was also calculated and found to be 0.971, 1.014, 1.046,
0.996 and 0.994 for the BCN, 5% F/BCN, 10% F/BCN, 20% F/BCN and 30% F/BCN,
respectively. While the upshift of the peak positions supports the charge transfer process from
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BCN NSs to the electron-accepting F, the increase in the I D /I G values for F/BCN nanohybrids
demonstrates that the nanosheet structure became a little more disordered.4 Interestingly, the 10%
F/BCN nanohybrid displayed the highest I D /I G value among all the nanohybrids, indicating the
presence of more structural defects, as well as the shift in G band is also higher, suggesting that
the charge transfer process is more favored, which could lead to better electrocatalytic
performance.4, 24 Based on the findings from the Raman analysis, it was confirmed that F was
successfully attached to the BCN NSs and charge-transfer occurred between the BCN NSs and the
fullerene molecules.
X-ray photoelectron spectroscopic (XPS) measurements were conducted to verify the
intermolecular charge transfer process between the BCN NSs and fullerene molecules that was
observed by the Raman analysis as well as to elucidate the chemical compositions. The results are
presented in Figure 6.1(C-F). As expected, it was found that the 10% F/BCN nanohybrid contained
B, C, N and O elements with sharp XPS bands (Figure 6.1C). The XPS analysis also clearly
confirmed the absence of any metal content in the 10% F/BCN sample, demonstrating the metalfree nature of the sample. To further elucidate the chemical nature of the 10% F/BCN nanohybrid,
the high-resolution XPS spectra of B, C and N were inspected. As seen in Figure 6.1D, the highresolution B 1s spectra could be deconvoluted into three different peaks for B-N, B-C and B-O
bonds.19, 30 Furthermore, the deconvolution of the C 1s band shows four types of peaks indicating
the presence of B-C, C-N, sp2 (C=C) and O-C=O (Figure 6.1E).19, 30-32 The higher content of sp2
(C=C) suggests that the C=C bonds dominate for the BCN NSs conjugated framework. Moreover,
the high-resolution N 1s spectra were deconvoluted into four peaks that correspond to the graphitic
N, pyrrolic N, pyridinic N and C−N−B (Figure 6.1F).31, 33 Remarkably, there is a very significant
content of pyridinic N and C−N−B, inferring that a higher number of ORR electroactive sites exist
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in the 10% F/BCN hybrids.19 The peak position of C 1s XPS spectra for F/BCN hybrids showed a
negative shift to lower binding energies (B.E.) as compared to the C 1s spectra of pure fullerene,
indicating the existence of intermolecular charge transfer processes from the BCN NSs to F (Figure
6.1G).4 The shift of the XPS band towards the lower B.E. values demonstrates the progressive
distortion of the sp2 BCN planar structure, which increases the electronic coupling between F and
BCN NSs at the same time. Notably, the negative shift of the C 1s spectra (284.63 eV to 284.33
eV) for the 10% F/BCN hybrid is higher than for the other samples, indicating that the
intermolecular charge transfer process is more pronounced for the 10% F/BCN hybrid, which can
improve its electrocatalytic activity.4 This observed intermolecular charge transfer trend is also in
good agreement with the findings from the Raman analysis.
The UV-Vis spectra of F and 10% F/BCN were also obtained and the results are presented
in Figure 6.3. The UV-vis spectrum of F displayed a characteristic band at around 328 nm, which
is usually results from the pi-pi electronic transitions.34 The red shift in the band located at around
328 nm is associated with the interactions between F and the other molecules, and therefore this
band is a key indicator for the interactions of F with aromatic rings.35 The pi-pi stacking of F and
BCN NSs likely delocalizes the pi-electron system and thereby reduces the required energy for the
electronic transitions. The band at 328 nm for F shifts to 335 nm for 10% F/BCN, demonstrating
that the F is successfully attached to the BCN nanosheets and the pi-pi interactions significantly
facilitate the formation of F/BCN nanohybrids. Scanning transmission electron microscopic
(STEM) analyses were conducted to further investigate the microstructure of the BCN NSs and
F/BCN nanohybrids and the images are presented in Figure 6.4(A-E). BCN NSs display a smooth
and sheet-like structure without particles on their surfaces (Figure 6.4A).19
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Figure 6.3: UV-vis spectra of F and 10% F/BCN.

By contrast, the morphological analysis of the 5% F/BCN and 10% F/BCN nanohybrids in Figure
6.4(B-C) reveals that some fullerene molecules are uniformly and well-dispersed on the surface of
BCN NSs. As indicated by the yellow arrows in Figure 6.4(B-C), the F molecules with sizes ~0.9
nm are distributed on the BCN nanosheet layers. There were no apparent differences in the F size
when the F concentration was increased from 5 to 10%, which could be due to the fact that
changing of F concentration from 5% to 10% might not facilitate fullerene aggregation.36
Furthermore, the F-decorated BCN nanosheets prepared at higher F concentrations (20% and 30%)
showed big clusters of fullerene molecules on the BCN nanosheet surfaces (indicated by the yellow
arrow) with broader size distributions, compared to the ones prepared at lower concentrations (5
wt% and 10 wt%), as seen in Figure 6.4(D-E). The increase in the agglomerated fullerene domains
for the 20% F/BCN and 30% F/BCN composites should have resulted from the higher F
concentration, that tends to create larger seeds for the nanoparticle growth.36, 37
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Figure 6.4: A-E) STEM images of BCN NSs, 5% F/BCN, 10% F/BCN, 20% F/BCN and 30%
F/BCN nanohybrids, respectively; F-K) high-angle annular dark field (HAADF)STEM image and elemental mapping of 10% F/BCN, showing the presence of B, C,
N and O.

On the other hand, the F/BCN composites with lower F concentrations (5% and 10%)
displayed single or few-layered structures that likely result from the attached fullerene molecules,
which serve as spacers and can effectively prevent the BCN nanosheets from restacking and
agglomeration during the processing in solution. However, agglomerated or multi-layered
structured BCN NSs were observed in the case of higher F containing nanohybrids (20% and 30%),
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where clusters of F molecules formed on the BCN surfaces cannot effectively prevent the BCN
NSs from restacking or agglomeration as seen in Figure 6.4(D-E), thus can impact the
electrocatalytic performances negatively. The STEM-EDS elemental mapping verified the
presence of all of the expected elements (B, C, N and O) and also showed that all the elements are
distributed evenly on the nanosheets, as seen in Figure 6.4(F-K).
6.3.2 Hydrogen evolution and oxidation reaction performance of F/BCN electrocatalysts
We explored the catalytic function of the F/BCN nanohybrids for hydrogen evolution and
oxidation reactions using a combination of experimental and theoretical techniques to obtain a
comprehensive understanding of the correlation between the structural properties of the hybrids,
particularly the interfacial 0D-2D interactions and their electrocatalytic performances. The LSV
polarization curves of the HER process in 0.5 M H 2 SO 4 solution were recorded for F, BCN, 5%
F/BCN, 10% F/BCN, 20% F/BCN and 30% F/BCN as well as for the Pt/C benchmark and the
results are shown in Figure 6.5A. Notably, the incorporation of the fullerene molecules on the top
of BCN NSs resulted in the formation of very active electrocatalysts with higher electrocatalytic
rates that exceed the catalytic activity of their individual components, thus suggesting that the
interfacial interactions enhance the HER electrocatalytic activity of the low-dimensional
nanohybrids. While the onset potential for F and BCN NSs were estimated to be -0.529 and -0.394
V vs RHE, respectively, the nanohybrid structures achieved enhanced HER
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Figure 6.5: A) Representative HER LSVs for F, BCN, 5% F/BCN, 10% F/BCN, 20% F/BCN, 30%
F/BCN and commercial Pt/C at 2 mV·s-1 in 0.5 M H2SO4; B) the corresponding Tafel
plots; C) free energy changes (ΔGH*) of H adsorption on F, BCN and their
nanohybrids; D) the Volcano plots of onset potential vs ΔGH* for the hybrid catalysts;
E) differences of anodic and cathodic current densities vs scan rates of the catalysts
at 0.2 V vs RHE; F) ECSA normalized HER LSV curves for F/BCN nanohybrids; G)
MA and SA trends for F, BCN and their hybrids; H) steady-state polarization curves
for F, BCN and their nanohybrids for HOR in H2-saturated 0.5 M H2SO4; I)
chronoamperometric plots of 10% F/BCN for HER and HOR (inset) at -0.35 V and
0.09 V vs RHE, respectively.

onset potentials of -0.144 V, -0.042 V, -0.276 V and -0.342 V vs RHE, for 5% F/BCN, 10%
F/BCN, 20% F/BCN and 30% F/BCN, respectively. To investigate the kinetics of the HER
process, we calculated the Tafel slopes for each catalyst using the Tafel equation (equation 2) from
the respective LSV polarization curves in Figure 6.5A. The Tafel slopes showed the same
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electrocatalytic trend (Figure 6.5B). The hybrids resulted in lower Tafel slopes (153 mV/dec, 87
mV/dec, 164 mV/dec and 177 mV/dec for 5% F/BCN, 10% F/BCN, 20% F/BCN and 30% F/BCN,
respectively) compared with those for F (275 mv/dec) and BCN NSs (250 mV/dec), indicating that
the fullerene/BCN interfaces improve the electrokinetics of the HER process as well. Lower Tafel
slopes indicate better HER kinetics, thus, the 10% F/BCN nanohybrid displayed the best HER
kinetics among the systems studied (Figure 6.5B). The mechanism of the F/BCN nanohybrid
mediated HER processes in acidic media can be described by three possible steps. The first step is
known as the Volmer step, in which a hydrogen atom is adsorbed on the catalyst surface.24
H 3 O+ + e− + F/BCN → F/BCN-H ads + H 2 O

(5)

The Volmer step is followed either by the Heyrovsky step (electrochemical desorption)
F/BCN-H ads + e− + H+ → F/BCN + H 2

(6)

or Tafel step (chemical desorption)
2F/BCN-H ads → 2F/BCN + H 2

(7)

The theoretical Tafel slope of Tafel, Heyrovsky and Volmer reactions are 30, 40 and 120 mV/dec,
respectively (Table 6.1).25 The obtained Tafel slope for 10% F/BCN suggests that the F/BCN
mediated HER reaction follows a Volmer–Heyrovsky mechanism, with the Heyrovsky step being
the rate-determining.
The superior catalytic performances of the hybrid supramolecular architectures can be
ascribed to the interfacial synergism between the components that promote the intermolecular
electron transfer (ET) from the 2D BCN sheets to the electron-accepting fullerenes, thus leading
to a net negative charge density on the fullerene cages and thereby, favoring the proton adsorption
step and the overall HER activity.4 The lone pair electrons on the N atoms interact with the vacant
2p z orbitals of the B atoms on the BCN framework, which inhibits electronic conjugation with the
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π-systems.38 The distortion of the planar sp2 BCN network induced by the fullerene interactions
slightly elongate the B-N distances, which enhance the electronic coupling of the N lone pair
electrons with the π clouds delocalized around the fullerene structure,38 thus allowing an effective
electronic coupling between the BCN and fullerene molecule. As a result, the electrons gathering
at the fullerene surfaces creates very active interfacial catalytic sites that can optimize the energy
adsorption states of the intermediate catalytic species, thus enhancing the electrocatalytic activity.
As stated in the characterization section using the I D /I G ratios, the number of structural defects
follows the trend 10% F/BCN˃5% F/BCN˃20% F/BCN˃30% F/BCN, which matches perfectly
with both the XPS shifts to lower binding energies and the electrocatalytic rates, indicating that
the interfacial defects on the catalysts regulates the efficiency of the ET process as well as the HER
catalytic rates. Furthermore, the 5% F/BCN and 10% F/BCN catalysts, which are by far the best
catalytic nanomaterials, show a very well-dispersed fullerene distribution pattern on the BCN
surfaces (see STEM pictures). The uniform fullerene distribution hinders the restacking of the
BCN NSs, providing more exposed active sites as well as higher electronic conductivity
throughout the nanosheet network. It can favor both the distortion of the heteroatom groups of the
sp2 carbon framework and the intermolecular charge-transfer rates, giving rise to ultra-active
catalytic spots at the F/BCN electrochemical interfaces. In contrast, the aggregation of fullerenes
for the 20% and 30% F/BCN hybrid samples allows the restacking of the BCN NSs, thus reducing
the number of exposed active sites, surface defects and ET processes, and thereby, resulting in a
lower catalytic activity for the HER process. Besides, the accessibility of the protons to the active
sites of the aggregated fullerene/BCN interfaces would be strongly impeded, thus decreasing the
overall catalytic activity. It is also worth to note that the 10% F/BCN nanohybrid surpassed by far
the electrocatalytic activity of the 5% F/BCN, showing an onset potential of -0.042 V vs RHE and
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a η 10 of 222 mV, which places it between the most efficient metal-free carbon-based lowdimensional HER catalysts reported to date. We believe that the optimal interfacial interactions
for the 10% F/BCN hybrid provide higher structural defects that trigger an effective intramolecular
ET and, therefore, more efficient active sites for HER.39
To gain further insights into the activity of the F/BCN hybrids, we employed density
functional theory (DFT) calculations to obtain the ΔG H* values at the different F/BCN interfaces,
which is an excellent descriptor to measure how the catalyst surfaces can thermodynamically
impact the HER electrocatalysis. For the HER, in principle, the free energy of hydrogen adsorption
(∆𝐺𝐺𝐻𝐻 ∗ ) for an ideal catalyst should be zero.24 As we can see from Figure 6.5C, the value of

∆𝐺𝐺𝐻𝐻 ∗ (0.03 eV) for 10% F/BCN is the closest to zero, in agreement with the the best HER

performance. As the amount of F increases, the binding strength of the H on the active sites

becomes stronger, which promotes slower kinetics for the catalysts. The Volcano catalytic trends
(Figure 6.5D) also showed that the 10% F/BCN nanocatalyst is located at the maximum of the
peak, reinforcing that this catalyst shows the most efficient catalytic rates. The electrochemical
active surface area (ECSA) of the nanohybrids were further calculated using the double layer
capacitance methodology to verify the HER performance (Figure 6.5E and Figure 6.6).39 The
cyclic voltametric measurements were carried out at different scan rates (5, 10, 20, 30, 40 and 50
mV/s) and potentials ranging from 0.1 to 0.3 V vs. RHE. The difference between the anodic and
cathodic currents at the non-faradaic region of the CV curves were plotted against the scan rates
(mV/s) to obtain the C dl (mF·cm2) values. The C dl for 10% F/BCN (5.55 mF·cm-2) was the largest
value among all the catalysts as well as the ECSA (138.75 cm2) and the RF (1982) (Table 6.3).
The higher ECSA of 10% F/BCN demonstrates the existence of more available active sites on its
surface, which is also responsible for the pronounced HER activity.23 The current densities were
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also normalized by the measured ECSAs to investigate the intrinsic catalytic activity and it was
clear that the 10% F/BCN displayed the best performance in terms of onset potential and η 10
(Figure 6.5F). The LSVs were then normalized by the TOF and the 10% F/BCN nanohybrid still
exhibited the best performance.

Figure 6.6: (A-F) Cyclic voltammograms of F, BCN, 5% F/BCN, 10% F/BCN, 20% F/BCN and
30% F/BCN electrocatalysts in the region of 0.1-0.3 V vs RHE in HER condition,
respectively.

Additionally, the higher turnover frequency (2.63), mass activity (137.97) and specific activity
(0.14) values confirmed the best intrinsic catalytic properties of 10% F/BCN nanohybrid (Figure
6.5G and Table 6.1). As expected, the factors influencing the remarkable HER activity also played
a crucial role towards the hydrogen oxidation reaction (HOR). Figure 6.5H compares the steadystate polarization curves of the F, BCN and their nanohybrids in a H 2 saturated 0.5 M H 2 SO 4
solution. Similar to HER, the electrocatalytic HOR performance follows the same order of 10%
F/BCN˃5% F/BCN˃20% F/BCN, being the 10% F/BCN best for HOR reaction as well.
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Particularly, the 10% F/BCN catalyst produced the largest current density value at 0.1 V (1.47
mA·cm-2). These findings are in good agreement with the theoretical ΔG H* value of -0.03 eV (as
the HOR is the reverse of the HER), which reinforces that 10% F/BCN is the most active HOR
catalyst.40,

41

Stability is also a key factor for evaluating the performance of electrocatalysts

towards the HER and HOR processes for practical applications.40, 41
Table 6.1: Comparison of HER electrocatalytic performance of F, BCN, 5% F/BCN, 10%
F/BCN, 20% F/BCN and 30% F/BCN electrocatalysts in 0.5 M H2SO4 solution.

As seen in Figure 6.5I, the 10% F/BCN electrocatalyst displayed very long-term stability for the
HER reaction with the current density remaining almost unchanged after 12 h of operation and
showed even better electrochemical stability performance that the benchmark Pt/C. The 10%
F/BCN electrocatalyst also exhibited similar long-term stability during the HOR reaction (Figure
6.5I: inset).
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6.3.3 Oxygen evolution reaction performance of F/BCN electrocatalysts
The water oxidation electrocatalytic activity of the F/BCN hybrids was then evaluated in
alkaline media (0.5 M NaOH) using a standard three-electrode setup. The individual components
(F and BCN) and a commercial RuO 2 catalyst were also studied and compared with the hybrids.
Figure 6.7A displays the linear sweep voltammetry curves of the electrocatalysts at a scan rate of
2 mV·s-1. The dotted lines in Figure 6.7A indicate the overpotentials required to reach the current
density of 10 mA·cm-2, which is used as a crucial figure of merit for OER catalytic materials.24
Among all the studied materials, only 5% F/BCN, 10% F/BCN and the RuO 2 benchmark catalyst
achieved a η 10 value. The 10% F/BCN dramatically surpassed the performances of all the materials
tested. While the 10% F/BCN hybrid requires 390 mV to reach the current density of 10 mA·cm2

, the benchmark RuO 2 catalyst requires 410 mV. The remarkable catalytic activity and kinetics

were further reflected by the Tafel slopes.24 As shown in Figure 6.7B, the 10% F/BCN composite
showed the lowest Tafel slope of 79 mV/dec, indicating the superior OER kinetics on the catalytic
surfaces.24 In summary, this new electrocatalyst is comparable with the state-of-the-art nonmetallic hybrid catalysts and it is also comparable to the more kinetically active candidates for the
OER process.
The outstanding catalytic properties of 10% F/BCN can be understood on the basis of the
unique electronic flow at the interfacial regions. As was described in the HER section, the
interfacial interactions and defects are strongly connected with the intermolecular ET at the 0D2D interfaces. For the 10% F/BCN hybrid, the distorted heteroatom motifs that are in contact with
the fullerenes activate a very strong unidirectional electronic coupling from the lone pair electrons
of the nitrogen atoms to the F cages, thus generating positive charges at the N atoms that can
behave as highly efficient active sites for oxygen electrochemistry.42
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Figure 6.7: A) OER LSV polarization curves for F, BCN, 5% F/BCN, 10% F/BCN, 20% F/BCN,
30% F/BCN and RuO2 benchmark catalyst at 2mV·s-1 in 0.5 M NaOH; B) their
respective Tafel plots; C) differences of anodic and cathodic current densities vs scan
rates at 1.2 V vs RHE; D) LSV polarization curves normalized by ECSA for the
F/BCN catalysts; E) comparison of intrinsic OER catalytic activities in terms of MA
and SA; F) OER LSVs normalized by the TOF for all F/BCN nanohybrids; G)
changes in Gibbs free energy of each elementary reaction step toward OER for both
BCN and LD hybrids; H) the volcano plots of ηOER vs ΔG*O; I) chronoamperometric
measurement of 10% F/BCN at 1.70 vs RHE and the comparison of LSV curve before
and after 1000 CV cycles (inset).
In order to demonstrate the effectiveness of 10% F/BCN hybrid in alkaline media (OER condition),
we performed electrochemical double layer capacitance measurements (Figure 6.7C and Figure
6.8).24 Figure 6.7C displays the Δj vs scan rate plot of the catalysts obtained at 1.2 V vs RHE.
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From these plots, the double layer capacitances (C dl ) at the electrochemical interfaces as well as
the ECSA and RF were calculated. Importantly, the 10% F/BCN catalyst delivered values of 4.61
mF·cm-2, 115 cm2 and 1646 for C dl , ECSA and RF, respectively, which are much higher than those
of the other F/ BCN hybrids. These results demonstrate that the remarkable ET from the interfacial
N atoms to the fullerenes induce the formation of the highest number of electrochemically active
sites for OER. To unravel the intrinsic catalytic activity, the LSV of the catalysts were normalized
by the corresponding ECSA values (Figure 6.7D). The 10% F/BCN catalyst still exhibits the
lowest OER onset potential value (1.46 V vs RHE), indicating that its interfacial active sites initiate
the water oxidation process more efficiently than the catalytic centers of the other hybrids. The
improved SA and MA values of the 10% F/BCN are additional indicators that verify its superior
intrinsic OER catalytic activity (Figure 6.7E and Table 6.2). The turnover frequency of 10%
F/BCN at 1.7 V was estimated to be 1.14, which is two times better than the second-best
electrocatalyst (5% F/BCN), revealing that the number of oxygen molecules produced by each
catalytic center is optimal for the 10% F/BCN. The higher intrinsic catalytic performances of the
10% F/BCN nanomaterials were further confirmed by the TOF normalized current density vs
potential plots (Figure 6.7F).
In-depth insights were obtained from the Gibbs free energy diagrams of the 0D-2D
catalysts (Figure 6.7G). It is important to point out that the third step (*O→*OOH) is the ratelimiting step for the OER process for all the F/BCN composites.24 We found that the local
interactions as well as the pronounced intermolecular ET between the fullerenes and the BCN NSs
for the 10% F/BCN system decrease the uphill energy states towards the formation of catalytic
intermediates, thus facilitating water oxidation.
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Figure 6.8: (A-F) Cyclic voltammograms of F, BCN, 5% F/BCN, 10% F/BCN, 20% F/BCN and
30% F/BCN electrocatalysts in the region of 1.1-1.3 V vs RHE in OER condition,
respectively.

In this regard, the O*, OH* and OOH* intermediate catalytic species exhibited the most
energetically favourable ΔG values, which are 4.22, 2.3 and 1.8 eV, respectively, as well as a
desirable rate-limiting potential of 0.69 eV, which is the lowest value among all the catalysts.24
This is attributed to the moderate interaction between the reaction intermediates and the 10%
F/BCN, leading to the best catalytic activity for the OER process. It is also worth pointing out that
the 10% F/BCN nanohybrid is located at the top of the Volcano curves, confirming the previous
findings (Figure 6.7H). The durability of the 10% F/BCN catalyst was investigated for the OER
process by performing one thousand CV cycles at 50 mV/s. A LSV measurement was carried out
right after the CV measurements and compared with the initial LSV measurement to examine the
durability (Figure 6.7I: inset). It was observed that the current density change between the two
LSVs was insignificant, demonstrating the excellent durable nature of the catalyst.
Chronoamperometric measurements were further conducted to confirm the stability of 10%
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F/BCN for 12 h. Interestingly, the 10% F/BCN catalyst retained ∼99.5% of the current density
even after 12 h of operation, revealing its remarkable long-term stability features (Figure 6.7I).

Table 6.2: Comparison of OER electrocatalytic performance of F, BCN, 5% F/BCN, 10% F/BCN,
20% F/BCN and 30% F/BCN electrocatalysts in 0.5 M NaOH solution.

6.3.4 Oxygen reduction reaction performance of F/BCN electrocatalysts
The electrochemical properties of the F/BCN catalysts towards the ORR reaction were also
studied. Initially, cyclic voltametric (CV) measurements were conducted in a conventional threeelectrode electrochemical cell in an O 2 - or N 2 - saturated 0.5 M NaOH solution at 50 mV·s-1. Figure
6.9 depicts a well-defined characteristic oxygen reduction peak for the 10% F/BCN hybrid at ⁓0.70
V vs RHE in an O 2 -saturated NaOH solution. This peak is also observed for the other F/BCN
catalysts, but at lower potential values, indicating their lower catalytic activities for the
electroreduction of oxygen.24, 43 The ORR LSV polarization curves (Figure 6.10A) show that the
10% F/BCN exhibits an excellent ORR performance with an onset potential of 0.92 V, a half-wave
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potential of 0.79 V vs RHE and a Tafel slope of 87 mV·dec-1 (Figure 6.10B), which surpass the
values exhibited by the other 0D-2D catalysts and are comparable to those of the state-of-the-art
metal free carbon-based electrocatalysts reported to date. The ORR kinetics of the 10% F/BCN
catalyst was further explored using linear sweep voltammetry at different rotational speeds from
200 rpm to 1500 rpm (Figure 6.10C). The corresponding Koutecky-Levich (K-L) plots revealed
important insights of the kinetics of the interfacial redox reactions at the catalytic surfaces of 10%
F/BCN.44, 45 The linearity of the K-L plots of 10% F/BCN (Figure 6.10D) clearly establishes a
first-order reaction kinetic process.46,

47

Furthermore, they show a very efficient 4-electron

j (mA/cm2)

reduction pathway since the calculated electron transfer number is 3.85 per O 2 molecule.48
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Figure 6.9: CV measurements of the as-synthesized electrocatalysts in Ar- and O2saturated
solutions.
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Figure 6.10: A) LSV curves of F, BCN, 5% F/BCN, 10% F/BCN, 20% F/BCN, 30% F/BCN and
Pt/C for ORR at 2 mV·s-1 in 0.5 NaOH; B) the corresponding Tafel plots; C) RDE
voltammograms at various rotation rates from 200 to 1500 rpm at a scan rate of 10
mV/s; D) K-L plots of the 10% F/BCN heterostructure; E) MA and SA values for F,
BCN and their hybrids; F) ECSA normalized LSV plots for the F/BCN nanohybrids;
G) Gibbs free energy diagram showing the differences of each elementary ORR
catalytic step for both BCN and F/BCN nanohybrids; H) the Volcano plots of ηORR
vs ΔG*O; I) I vs t curve for 10% F/BCN at 0.75 V vs RHE and the inset shows the
comparison between the LSVs at the initial and after 1000 CV cycles.

The remarkable ORR electrocatalytic properties of 10% F/BCN is associated with the positively
charged N active sites at the 0D-2D interfaces, which were previously explained. Additionally, the
large number of pyridinic nitrogen atoms in the BCN nanosheet network (20.25%) of 10% F/BCN
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nanohybrid facilitates the oxygen adsorption by providing more Lewis base sites and reducing the
energy barriers.19
We also cannot rule out the influence of the B-C-N edge groups on the improved catalytic
activity.49 To investigate the intrinsic catalytic activity of the electrocatalysts, we have calculated
the MA, SA, TOF and the results are presented in Figure 6.10E and Table 6.4. The 10% F/BCN
hybrid exhibit the highest values. Furthermore, 10% F/BCN displays the best onset potential as
well as a higher current density than the other hybrids after normalizing the ORR LSV polarization
curves by their respective ECSAs (Figure 6.10F), indicating that this hybrid exhibits the greatest
catalytic performance per active unit toward the ORR process. The Gibb’s free energy diagrams
for all the hybrids were calculated to obtain mechanistic insights of the ORR electrocatalytic
performance of the 0D-2D hybrids (Figure 6.10G). It is important to note that the third step
(*O→*OH) is the rate-limiting step for the ORR process for all the F/BCN catalysts.50,

51

Noticeably, the 10% F/BCN shows the lowest rate-limiting potential (0.81 eV), thus decreasing
the energy barrier for the rate-determining catalytic step, which, in turn, increase the reaction rates.
Also, the 10% F/BCN heterostructure reached the top of the volcano plot, indicating its superior
catalytic performance (Figure 6.10H). Considering the possibility of practical applications, we
tested the durability of 10% F/BCN for the ORR reaction using the same methodology mentioned
above in the OER section (Figure 6.10I: inset). The LSVs that were measured at the initial time
and after CV measurements, were plotted together and compared. There were very small changes
in the onset potential and current density, indicating excellent durability. Additionally, 10%
F/BCN nanohybrid also demonstrated remarkable stability for the ORR process with respect to the
benchmark Pt/C as seen in Figure 6.10I, making it an excellent candidate for practical applications.
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6.3.5 Overall water splitting application of 10% F/BCN electrocatalyst
Taking into consideration the remarkable HER and OER performances of the 10% F/BCN,
a two-electrode configuration water electrolyser was setup to study the overall water splitting
reaction in a NaOH electrolyte (0.5 M), where the 10% F/BCN catalyst was loaded on carbon cloth
to perform as both the anode and cathode. As Figure 6.11A depicts, the 10% F/BCN||10% F/BCN
requires only a cell potential of 1.62 V to reach a current density of 10 mA·cm−2. Remarkably, the
electrocatalytic performance of the 10% F/BCN||10% F/BCN electrolyser is comparable and
competitive with recently reported water splitting devices.52-56
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Figure 6.11: A) LSV curve of the overall water splitting process using 10% F/BCN as both cathode
and anode in a 0.5 M NaOH solution. Inset in A) shows the digital photograph for
producing O2 (anode) and H2 (cathode) bubbles on the 10% F/BCN modified carbon
cloth electrodes; B) Chronoamperometric measurements of 10% F/BCN for H2O
electrolysis at 1.61 V for 20 h.
The inset in Figure 6.11A shows the digital image of the carbon cloth electrodes of the water
splitting device. Many bubbles appear on the carbon cloths, demonstrating the effectiveness of the
assembled overall water splitting system. Finally, the electrochemical stability of the 10% F/BCN
catalyst was also investigated by conducting chronoamperometric measurements at 1.61 V (Figure
6.11B) and the current densities remain fairly stable (only 9% of the initial current lost) during the
measurement period (i.e. 20 h), indicative of very good stability.
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6.4 CONCLUSION
In summary, we report a new family of supramolecular F/BCN nanohybrid materials that
exhibit tetrafunctional high-performance electrocatalysis for HER, HOR, OER and ORR, as well
the ability to serve as dual-purpose electrode for a single-cell device for water electrolysis. Using
a combination of theory and experiment, we demonstrated that the metal-free 10% F/BCN
nanohybrid material comprises a synergistic arrangement of the components that form a
supramolecular interface with catalytic properties that exceed the performance of existing
commercial metal-based catalysts. The low-manufacturing costs and the facile scalable synthesis
of the new supramolecular material will pave the way to a new metal-free electrocatalysts for
hydrogen and oxygen electrochemistry and related reactions that may have applications in
emerging water treatment and energy storage technologies.
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6.5 SUPPORTING INFORMATION
Table 6.3: The obtained Cdl, ECSA and RF values for F, BCN, 5% F/BCN, 10% F/BCN, 20%
F/BCN and 30% F/BCN electrocatalysts in HER and OER conditions.
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Table 6.4: Comparison of ORR electrocatalytic performance of F, BCN, 5% F/BCN, 10% F/BCN,
20% F/BCN and 30% F/BCN electrocatalysts in 0.5 M NaOH solution.
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Chapter 7: Controlling the Interfacial Charge Polarization of MOF-derived 0D-2D vdW
Architectures as a Unique Strategy for Bifunctional Oxygen Electrocatalysis
7.1 INTRODUCTION
The discovery of efficient energy materials from inexpensive nature sources is currently
leading the path towards the development of a sustainable future.1-5 Along with the increasing
endeavors to build green energy technologies, the oxygen electrode reactions, including oxygen
evolution/reduction, have sparked special attention as crucial steps of renewable-energy devices.610

Currently, Pt-group metals such as Pt, Ir or Ru are the state-of-the-art electrocatalysts for OER

and ORR.11,

12

Nonetheless, the high cost and restricted availability of precious metals have

significantly blocked their practical applications. As a result, there is an increasing interest to
design highly active bifunctional electrocatalysts from earth-abundant materials.13-15
Over the last decade, notable efforts have been dedicated to develop highly efficient
bifunctional OER/ORR electrocatalysts using non-precious metal-based materials. Among them,
transition metal oxides (TMOs) represent desirable candidates because of their low-cost and easy
fabrication. Nonetheless, their poor electrical conductivities and lack of OER stability have limited
their practical applications to achieve low overpotential bifunctional catalysts towards the
fabrication of electrochemical devices.16-20 To achieve this goal, the integration of TMOs into lowdimensional carbon networks has been successfully accomplished. The synergistic interfacial
interactions of TMOs-carbon heterostructures have appeared as an incredibly attractive strategy to
improve the overall electrocatalytic rates via boosting the number of accessible catalytic sites as
well as the electron transfer across the interfacial surfaces. For instance, the synergetic chemical
coupling effects between Co 3 O 4 and graphene nanosheets gave rise to unprecedented bifunctional
hybrids that exhibited Pt-like catalytic activities and even surpassed the commercial Pt in terms of
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stability and durability.21 Furthermore, advanced bifunctional catalysts were obtained from the
covalent attachment of CoO x NPs rich in oxygen vacancies to B,N-decorated graphene layers via
strong Co-N-C bonds.22 The superior bifunctional catalytic activity was attributed to i) the
improved electron transfer (ET) due to the Co-N-C bonds, (ii) the co-doping with two elements
with remarkable electronegativity differences, such B and N, activates adjacent carbon atoms by
the so-called synergistic coupling towards the efficient capture of oxygen molecules and (iii) the
large number of catalytic active sites generated by the oxygen vacancies of CoO x NPs. Among
other examples of TMO-energy related heterostructure materials, the effective 0D-2D interfacial
interactions between ZrO 2 -based nanoparticles and reduced graphene oxide (rGO) nanosheets
have been used to build highly porous interconnected composite nanomaterials for supercapacitor
applications.23 Remarkably, the ZrO 2 addition into the rGO network created incredibly favorable
conditions to increase the mechanical stability and, in turn, the long-term electrochemical
durability properties of the resulting architectures.
Despite all the current advances, the influence of the underlying interfacial chemistry of
TMOs NPs/carbon-based LD materials and their implication for the fabrication of highly efficient
energy-related electrochemical devices have remained poorly explored. Particularly, disentangling
the factors that control the oxygen electrochemistry at engineered interfaces represents an essential
step towards the rational design of bifunctional OER/ORR catalysts, and, in turn, water-splitting
and zinc-air battery electrochemical devices.24-26 Hence, we investigate the non-covalent
interfacial interactions of 0D-2D vdW ZrO 2 NPs/B-, N- and B, N-doped carbon nanosheets
(denoted as C/ZrO 2 , BC/ZrO 2 , CN/ZrO 2 and BCN/ZrO 2 ) using a framework of experimental and
theoretical techniques. The main hypothesis driving this work was that the successive
incorporation of B, N and both of them into the carbon network could tailor the charge polarization
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properties of the resulting hybrids, thus deviating the electrons from the Zr metal centers and
optimizing both the electronic densities at the electrochemical interfaces and the bifunctional
OER/ORR catalytic activity of the LD heterostructures. The remarkable electronic polarization of
the interfacial Zr metallic centers at the BCN/ZrO 2 interfaces provides ultra-efficient active sites
for both OER and ORR, giving rise to a new class of bifunctional 0D-2D heterostructure catalysts.

Scheme 7.1: Synthesis and application of C, BC, CN or BCN/ZrO2 nanohybrids for the water
splitting and zinc-air battery devices.
7.2 MATERIALS AND METHODS
7.2.1 Materials
Boric acid (H 3 BO 3 ), polyethylene glycol (PEG), zirconium chloride, terephthalic acid,
Nafion solution (5 wt%), sulfuric acid, sodium hydroxide, ethanol, ruthenium oxide, Pt/C and urea
were purchased from Sigma Aldrich. All chemicals were used as received without any further
purification. Deionized water from a Millipore sigma instrument was used in all experiments.
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7.2.2 Synthesis of UiO-66 MOF
For synthesis of UiO‐66 MOF, a typical amount of zirconium chloride (1.576 g) and
terephthalic acid (3.413 g) was dissolved in 30 mL water and 30 mL DMF, respectively under
stirring for 30 min. Afterward, the salt solution was mixed with the organic linker solution in a
glass reactor under constant stirring for 15 min. Subsequently, the solution mixture was kept in
an oven for 24 h at 100 oC. Once the solution was reached to the room temperature, it was
washed with DMF and water for several times by centrifugation process and the resultant white
solid crystal was dried at 85 °C in air.
7.2.3 Synthesis of C/ZrO2 nanohybrid
For the synthesis of C/ZrO 2 nanohybrids, 1 g of UiO-66 MOF was carbonized at 900 °C
for four hours under an inert/argon atmosphere. Once the furnace was reached to the room
temperature, the black powder of C/ZrO 2 nanohybrid was taken out from the furnace and stored
for further use.
7.2.4 Synthesis of ZrO2 nanoparticles
For the synthesis of ZrO 2 nanoparticles, 1 g of UiO-66 MOF sample was calcined at 700
°C for two hours under an air atmosphere and afterwards, the sample was collected and stored in
a glass vial for further use.
7.2.5 Synthesis of BCN/ZrO2 nanohybrid
For the synthesis of BCN/ZrO 2 nanohybrids, 0.065 g of UiO-66 MOF, PEG‐2000 (0.5 g),
urea (5 g) and boric acid (0.15 g) were dissolved in 60 mL of water under constant stirring and
further dried in a vacuum oven at 90 °C for 12 h and then carbonized at 900 °C for four hours
under an argon atmosphere. Consequently, black powder of BCN/ZrO 2 product was achieved.
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7.2.6 Synthesis of BCN nanosheet, CN/ZrO2 and BC/ZrO2 nanohybrids
To investigate the effect of reagents on the synthesis process, BCN, CN/ZrO 2 and BC/ZrO 2
were also prepared. For BCN nanosheets, PEG‐2000 (0.5 g), urea (5 g) and boric acid (0.15 g)
were dissolved in 60 mL of water. For CN/ZrO 2 , 0.065 g of UiO-66 nanocrystals, PEG‐2000 (0.5
g) and urea (5 g) were dissolved in 60 mL of water. For BC/ZrO 2 , 0.065 g of UiO-66 nanocrystals,
PEG‐2000 (0.5 g) and boric acid (0.15 g) were dissolved in 60 mL of water. All of the three (BCN,
CN/ZrO 2 and BC/ZrO 2 ) precursor solutions were then stirred, dried and carbonized as
aforementioned method. The resultant products were denoted as BCN, CN/ZrO 2 and BC/ZrO 2 .
7.2.7 Electrochemical Measurements
The electrochemical experiments were performed in a three-electrode electrochemical
setup on a CHI660A electrochemical workstation in 0.1M KOH electrolyte solution. The catalyst
ink was made by homogenously dispersing 1 mg of catalyst into 30 μL of Nafion solution and 970
μL of ethanol. Afterward, a certain amount of catalyst ink was drop casted onto the working
electrode (loading ~ 0.141 mg/cm2) and dried in air. The catalyst-loaded glassy carbon electrode
(working electrode area: 0.07 cm2) and glassy carbon rotating disk electrode (RDE) (working
electrode area: 0.196 cm2) were used as the working electrode for the OER and ORR processes,
respectively, while an Ag/AgCl (saturated in KCl solution) electrode and a graphite rod electrode
were used as the reference and counter electrode, respectively for both processes. All the
measurements were performed at room temperature. Linear sweep voltammetry (LSV) curves
were obtained at 0.1M KOH solution and O 2 -saturated 0.1M KOH solution for the OER and ORR
processes, respectively. All the obtained voltages were referenced to the reversible hydrogen
electrode (RHE) according to the following equation.7
E RHE = E Ag/AgCl + 0.197 V + 0.059 pH
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Afterward, the Tafel equation was utilized to obtain the Tafel slope to inspect the electrocatalytic
kinetic performances of the OER and ORR processes,7
η = a + b𝑙𝑙𝑙𝑙𝑙𝑙 𝑗𝑗

where ƞ, j, a and b are the overpotential, current density, transfer coefficient and Tafel slope,
respectively. The electrochemical active surface area (ECSA) of the prepared nanohybrids was
calculated using cyclic voltammetry method by following our previous work. The ECSA was then
estimated by using the following equation.7
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =

𝐶𝐶𝑑𝑑𝑑𝑑
𝐶𝐶𝑠𝑠

The roughness factors (RF) were also estimated by using the following equation.7
RF =

ECSA

geometric area of the electrode

RDE LSVs of the nanoheterostructures were recorded at different rotational speeds from 200 to
1600 rpm with a scan rate of 10 mV s−1 in the potential range of 0.2 to -0.7 V vs. Ag/AgCl. The
electron transfer number (n) of the as-synthesized samples was evaluated by the Koutecky-Levich
method.7
1 1 1
1
1
= + =
+
1/2
𝐽𝐽 𝐽𝐽𝐾𝐾 𝐽𝐽𝐿𝐿 𝐵𝐵𝜔𝜔
𝐽𝐽𝐾𝐾
𝐵𝐵 = 0.2𝑛𝑛𝑛𝑛𝐷𝐷0 2/3 𝜗𝜗 −1/6 𝐶𝐶0

where n is the number for transferred-electrons, ω is the rotation speed recorded in rpm, F is the
Faraday’s constant (96487 C‧mol−1), D 0 is the bulk concentration of O 2 , ν is the kinematic
viscosity, C 0 is the solubility of the gas in the electrolyte. For 0.1M KOH solutions, D 0 = 1.9 × 105

cm2 s-1, ν = 8.7 × 10-3 cm2 s-1, and C 0 = 1.22 × 10-6 mol cm-3.
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The overall water splitting experiments were executed in a two-electrode system in a 1 M
KOH electrolyte solution, the BCN/ZrO 2 electrocatalyst was loaded on two 1×1 cm carbon cloth
by drop coating (loading amount: ~ 1 mg/cm2). The Zn–air battery experiments were tested in
6M KOH with 0.2M Zn(CH 3 COO) 2 electrolyte solution and a polished zinc plate was utilized as
the anode. The air cathode was prepared by drop casting the electrocatalyst (BCN/ZrO 2 or Pt/C)
ink onto carbon cloth with a loading amount of 1 mg/cm2.
7.3 RESULTS AND DISCUSSION
7.3.1 Structural and morphological characterization of ZrO2-based electrocatalysts
The synthesis scheme of the Zr-MOF as well as ZrO 2 -based nanohybrids is illustrated in
Scheme 7.1. During the synthesis process, the terephthalic acid (organic linker) was used as the C
source, whereas, the boric acid, urea and ZrCl4 were used as B, N and Zr sources, respectively.
Firstly, the MOF precursor was synthesized by a facile solution-phase method and finally,
carbonized to form BCN/ZrO 2 nanohybrid. At first, the XRD measurement of the prepared
samples was executed to investigate the crystalline structures. The XRD pattern of the pristine
UiO-66 MOF exhibited narrow peaks with higher crystallinity, matched well with the previously
reported literatures (Figure 7.1A).27, 28 Typically, ZrO 2 involves three different crystalline phases
such as cubic, monoclinic and tetragonal. The ZrO 2 obtained by calcining UiO-66 MOF at 900 oC
are predominantly of tetragonal phase with diffraction patterns at 30.20 (101), 35.3 (002), 50.37
(112), 60.24 (211), and 63.06 o (202).29 Similar peaks were also found in the nanohybrids. Notably,
BCN/ZrO 2 showed an additional peak at ~25o that corresponds to the 002 interlayer reflections of
the BCN nanosheets, confirming the successful synthesis of BCN/ZrO 2 nanohybrid.30 The Raman
spectra of the nanohybrids exhibited the well-defined peaks belongs to the defective and graphitic
bands of the carbon materials (Figure 7.1B). The D, G and 2D bands of all the nanohybrids
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appeared at 1330, 1594 and 2600 cm−1, respectively, with difference intensity ratios.30-33 The D
band is usually ascribed to the structural defects on the graphitic plane, whereas the G band is
corresponding to the E 2g vibrational mode of the graphitic carbon.31 The D and G bands represent
the defective sp3 carbons and sp2 carbons present in the carbon layer of the nanohybrid,
respectively.31, 34 The intensity ratio (I D /I G ) was also calculated to get more insights about the
structural defects created on the nanohybrids. The role of different dopants on defect creation and
graphitization is evaluated by comparing the I D /I G values. Among them, BCN/ZrO 2 showed a
higher I D /I G value of 1.1, demonstrating that the presence of higher structural defects on the
BCN/ZrO 2 surface, which was caused by the incorporation of B and N atoms.34 It is well known
that structural defects can offer more active sites for different electrochemical processes, thus
improving the electrocatalytic properties of the nanohybrids.35, 36 The incorporation of boron and
nitrogen heteroatoms into the carbon network could also improve the conductivity and facilitate
the electron transport during the electrochemical reactions.
Furthermore, the valence state and composition data of the nanohybrids were collected by
XPS. The XPS spectra of Zr-MOF and BCN/ZrO 2 nanohybrid clearly demonstrated that the MOF
is mainly consisted of C, O and Zr, whereas, the BCN/ZrO 2 nanohybrid is consisted of B, C, N, O
and Zr (Figure 7.6). Additional extra peaks of B and N were observed in the BCN/ZrO 2 , suggesting
that B and N were doped effectively. The incorporation of boron and nitrogen dopants in
BCN/ZrO 2 electrocatalysts could improve the conductivity significantly to facilitate the electron
transport process during the electrochemical reactions.
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Figure 7.1: A-B) XRD and Raman analysis of the prepared nanohybrids, respectively; C-F) High
resolution XPS B 1s, C 1s, N 1s and Zr 3d bands for the BCN/ZrO2 nanohybrid; GJ) TEM images of Zr-MOF, C/ZrO2, CN/ZrO2 and BCN/ZrO2, respectively [inset of
Figure 7.1J: HR-TEM image] and K) STEM-EDS mapping of BCN/ZrO2
nanohybrid.

To further inspect the nature of the chemical bonding that is present in the as-synthesized
BCN/ZrO 2 electrocatalyst, high-resolution XPS spectra of all elements were measured (Figure
7.1C-F and Figure 7.7). The deconvolution of B 1s of BCN/ZrO 2 showed two peaks demonstrating
the presence of B−N−C and B−O bands (Figure 7.1C).35 The C 1s spectra could be deconvoluted
into three peaks for sp2−C, C−O/C=N and C−N bands (Figure 7.1D).36 The N 1s XPS band was
deconvoluted into four peaks corresponding to C−N−B, pyridinic N, pyrrolic N and graphitic N
bands (Figure 7.1E).30 Remarkably, the relative deconvoluted peak area clearly shows that the
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BCN/ZrO 2 was dominated by the pyridinic N. The pyridinic nitrogen was found to be
preferentially located at the edges of the carbon layers. Higher amount of pyridinic N has been
proposed to greatly facilitates the ORR electrocatalytic activity.30 Additionally, the Zr 3d spectra
is mainly composed of two main peaks that are corresponding to the Zr 3d 3/2 and Zr 3d 5/2 bands
(Figure 7.1F).37 The high-resolution O1s spectra depicts three kind of oxygen bands: Zr-O, Zr-OH
and C-OH, which were located at 530.3 eV, 531.4 eV and 533.1 eV, respectively (Figure 7.7).37
The morphological analysis of the as-synthesized nanohybrids was deeply investigated
using transmission electron microscopy (TEM) and scanning transmission electron microscopy
(STEM) techniques. It was found that the UiO-66 MOF has an octahedral morphology with a
diameter of ⁓200 nm, whereas, the MOF derived ZrO 2 nanoparticles showed spherical type
morphology having a particle size of ~20-30 nm (Figure 7.1G and Figure 7.8A). The ZrO 2 NPs
are embedded on the graphitic-like carbon nanoplatforms in case of all the C/ZrO 2 , BC/ZrO 2 ,
CN/ZrO 2 and BCN/ZrO 2 nanohybrids (Figure 7.1H-J and Figure 7.8B). Such graphitic
frameworks could facilitate the efficient electron transport essential for effective electrocatalysis.
Remarkably, the particle size of ZrO 2 NPs was decreased due to the incorporation of different
dopants (B, N and B/N) in the graphitic carbon framework. The ZrO 2 NPs in the C/ZrO 2
nanohybrid showed a particle size of ~15-20 nm, whereas the particle size of ZrO 2 NPs was
decreased to ~2-3 nm in the BCN/ZrO 2 nanohybrid.38 It is well-documented that the
electrocatalytic processes over a metal catalyst are size-dependent. Hence, the smallest nanosized
BCN/ZrO 2 hybrid among others can provide lots of accessible active sites, yielding higher
electrocatalytic rates.7 The interplanar distance was found to be 0.325 nm which corresponds to
the (121) lattice plane of tetragonal ZrO 2 .39 This result is consistent with the results obtained from
the XRD analysis. The MOF as well as the MOF-derived nanohybrids was further inspected using
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HAADF-STEM (Figure 7.1K and Figure 7.9-7.14) analysis. As seen, the newly developed
nanohybrids shrank clearly from the original morphology because of the decomposition of the
MOF during the pyrolysis process, suggesting that the UiO-66 MOF acts as a precursor as well as
a self-sacrificing template for the construction of the nanohybrids. It is clear from the elemental
mapping image of BCN/ZrO 2 nanohybrid that B, C, N, O and Zr were uniformly dispersed over
the entire sheet structure (Figure 7.1K), which was also verified by the EDS-scan line profile of
the BCN/ZrO 2 (Figure 7.14). The STEM-EDS mapping images of the other nanohybrids also
confirmed the presence of all expected elements in all samples (Figure 7.9-7.14).
7.3.2 OER performance of ZrO2-based electrocatalysts
The OER activity of the vdW ZrO 2 -based heterostructures was deeply investigated in 0.1
M KOH using a standard three-electrode setup. Figure 7.2 (A-B) represents the iR-corrected LSVs
and the corresponding Tafel plots of Zr-MOF, BCN, ZrO 2 , C/ZrO 2 , BC/ZrO 2 , CN/ZrO 2 ,
BCN/ZrO 2 and commercial RuO 2 catalysts. The C/ZrO 2 , BC/ZrO 2 , CN/ZrO 2 , BCN/ZrO 2 hybrids
significantly outperformed the catalytic activity of BCN, Zr-MOF and ZrO 2 , indicating that the
interfacial 0D-2D assembly of ZrO 2 NPs and C, BC, CN and BCN 2D networks accomplish a
crucial role towards the OER catalytic rates. Noticeably, the OER activity of the heterostructures
was markedly influenced by the heteroatom doping into the carbon network. While C/ZrO 2 ,
BC/ZrO 2 , and CN/ZrO 2 nanohybrids rendered η 10 and Tafel slope values of 449 mV and 170
mV·dec-1, 409 mV and 140 mV·dec-1, and 372 mV and 120 mV·dec-1, respectively; BCN/ZrO 2
catalysts exhibited 301 mV and 75 mV·dec-1. Thus, the catalytic activities of the hybrids follow
this trend: BCN/ZrO 2 ˃ BC/ZrO 2 ˃ CN/ZrO 2 ˃ C/ZrO 2 , which suggests that the 0D-2D
electrochemical interface is tuning the OER catalytic performance of the inorganic hybrids in terms
of both thermodynamics and kinetics.
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Figure 7.2: OER electrocatalytic performance of the vdW 0D-2D C/ZrO2, BC/ZrO2, CN/ZrO2 and
BCN/ZrO2 heterostructures in 0.1 M KOH. A) iR-corrected OER LSVs for Zr-MOF,
BCN, ZrO2 NPs, C/ZrO2, BC/ZrO2, CN/ZrO2, BCN/ZrO2 and RuO2 benchmark
catalysts and B) their corresponding Tafel plots. C) η10 values for the BCN/ZrO2 and
the top-ranked metal-based LD catalysts. D) differences of anodic and cathodic
current densities vs scan rates at 1.2 V vs RHE. E) ECSA-normalized OER LSV
curves for C/ZrO2, BC/ZrO2, CN/ZrO2 and BCN/ZrO2 nanohybrids. F)
Chronoamperometric measurements of BCN/ZrO2 and RuO2 for OER process at 1.7
V vs RHE.

Remarkably, BCN/ZnO 2 catalysts surpassed the catalytic activity of commercial RuO 2 , exhibiting
a compelling η10 value that is comparable with those of the recent top-ranked metal-based LD
carbon electrocatalysts (Figure 7.2C). The electrochemically active surface area (ECSA)
represents an effective methodology to estimate the relative activity of electrocatalysts, which, in
turn, is proportional to its electrochemical double-layer capacitance (C dl ). The electrochemical
double layer capacitance values of the heterostructures were evaluated from 1.10 to 1.30 V vs RHE
in a 0.1 M KOH solution at different scan rates (5, 10, 20, 30, 40 and 50 mV/s) in a non-faradaic
region. The difference between the anodic and cathodic current densities at 1.20 V vs RHE were
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plotted against the scan rate and the corresponding slopes represent the double layer capacitance
values of the corresponding catalysts (Figure 7.15). The BCN/ZrO 2 heterostructures showed the
largest C dl value of 7.36 mA·cm-2 compared with those of the CN/ZrO 2 (5.34 mA·cm-2), BC/ZrO 2
(3.55 mA·cm-2) and C/ZrO 2 (3.42 mA·cm-2) (Figure 7.2D). The calculated ECSA values for
BCN/ZrO 2 , CN/ZrO 2 , BC/ZrO 2 and C/ZrO 2 are 184 cm-2, 134 cm-2, 89 cm-2 and 86 cm2,
respectively, while the RF values for the nanohybrid catalysts were 2628, 1907, 1267 and 1221,
respectively. The results reflect the strong relationship between the incorporation of different
heteroatoms into the 2D networks and the number of catalytically active sites. We believe that the
functionalization of 2D carbon networks with B and N, which exhibit reverse electronegativity to
that of carbon, could drastically enhance the number of efficient electrocatalytic active sites for
OER, which intrinsically enhances the catalytic activity.31,

34

Additionally, the synergistic

electrostatic interactions between B and N heteroatoms and the interfacial Zr atoms could facilitate
the charge polarization at the electrochemical interfaces, thus creating very effective interfacial
active sites, which optimize the ΔG states of the intermediate catalytic species and improve the
overall OER performance. It should be specially noted that the mass activity and specific activity
values of the BCN/ZrO 2 heterostructure are 89.95 mA·mg-1 and 0.29 mA·cm-2, respectively,
surpassing at least twice times the values obtained for CN/ZrO 2 and demonstrating the superior
intrinsic catalytic nature of the OER active sites formed by the non-covalent interactions of BCN
layers and ZrO 2 NPs (Figure 7.16-7.17). Importantly, these results were further verified by the
ECSA-normalized OER LSVs of the as-synthesized catalysts (Figure 7.2E).

Finally, the

BCN/ZrO 2 shows a negligible decay (3%) in current density after 24h, exhibiting better long-term
stability properties than the benchmark RuO 2 catalysts (Figure 7.2F).
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7.3.3 ORR performance of ZrO2-based electrocatalysts
The catalytic activity of non-covalent ZrO 2 -based nanohybrids toward the ORR was
initially explored by cyclic voltammetry measurements in 0.1 M KOH solution. Notably, the
reduction peak potential of BCN/ZrO 2 (0.78 V) largely outperformed the values obtained for
CN/ZrO 2 (0.68 V), BC/ZrO 2 (0.64 V) and C/ZrO 2 (0.50 V), thus revealing that BCN/ZrO 2
possesses greater ORR activity (Figure 7.3A). Rotation rate-dependent experiments were carried
out to quantify the ORR activity of all the hybrid electrocatalysts. The LSVs were recorded first
at 1600 rpm rotation speed in O 2 -saturated 0.1 M KOH electrolyte as shown in Figure 7.3B.
Notably, the nanohybrid catalysts largely surpassed the catalytic performance of the individual
component catalysts, thus indicating the key influence of the 0D-2D interfaces on the oxygen
electrocatalysis. Remarkably, the ORR polarization curves also verify the exceptional ORR
performance of BCN/ZrO 2 catalyst (Figure 7.3B), which delivered a E onset of 0.98 V vs RHE, a
E 1/2 of 0.85 V vs RHE and a high limiting current density of 5.6 mA·cm-2 at 0.3 V vs RHE, thus
outperforming the catalytic rates of all the studied catalysts. Furthermore, the obtained
electrocatalytic parameters are comparable to those values reported for the top-ranked metal-based
LD catalysts (Figure 7.3C). We believe that the singular electronegativity differences of the B and
N atom into the BCN nanosheets induces an effective charge polarization of the electronic clouds
of the interfacial Zr atoms, thus promoting the formation of highly active interfacial catalytic sites
for ORR process. Interestingly, the BCN/ZrO 2 electrocatalyst (90 mV/dec) shows a lower Tafel
slope that is comparable to the benchmark Pt/C (85 mV/dec), demonstrating the impressive
electrokinetic properties of the BCN/ZrO 2 interfaces. The comparable Tafel slopes for BCN/ZrO 2
(90 mV/dec) and Pt/C (85 mV/dec) imply that the transfer of the first electron might be the ratelimiting step in the ORR mechanism (Figure 7.18).40
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Figure 7.3: ORR electrocatalytic performance of the vdW 0D-2D C/ZrO2, BC/ZrO2, CN/ZrO2 and
BCN/ZrO2 heterostructures in 0.1 M KOH. A) CV curves in N2-saturated (dotted
lines) and O2-saturated (solid lines) 0.1 M KOH solutions for C/ZrO2, BC/ZrO2,
CN/ZrO2 and BCN/ZrO2 nanohybrids. B) iR-corrected ORR polarization curves of
all as-prepared catalysts at 1600 rpm. C) Onset and half-wave potential values for
BCN/ZrO2 and the state-of-the-art ORR metal-based LD catalysts. D) LSVs of
BCN/ZrO2 at different rotation speeds [the inset displays the corresponding K-L
plots]. E) Calculated electron transfer numbers and kinetic current densities of the
0D-2D catalysts. F) Chronoamperometric measurements of BCN/ZrO2 and Pt/C for
ORR process at 0.7 V vs RHE. G) LSV curves of the overall water-splitting system
using BCN/ZrO2 catalyst as both anode and cathode in a 1 M KOH electrolyte
solution. H) Bifunctional catalytic activity of BCN/ZrO2 toward both OER and ORR
processes. I) Discharge polarization curves and the corresponding power densities
for Zn-air batteries using BCN/ZrO2 or Pt/C as cathodes.
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The dynamic ORR features of the ZrO 2 -based carbon heterostructures were also
investigated at different rotation speeds to get valuable insights about the kinetic of the interfacial
redox reactions under different 2D-platforms (Figure 7.3D and Figure 7.19). The linearity of the
K-L plots derived from the corresponding LSVs reflects the first-order reaction kinetics with
respect to the concentration of dissolved oxygen.41 Additionally, the K-L plots of ZrO 2 -based
carbon nanomaterials reflect the superior ORR activity of BCN/ZrO 2 catalyst, exhibiting an
electron transfer number (n) of 4 at 0.5 V vs RHE and kinetic current density (j k ) of 22.92 mA·cm2

, better than those of C/ZrO 2 (1.5 and 7 mA·cm-2), BC/ZrO 2 (2.84 and 12 mA·cm-2) and CN/ZrO 2

(3.40 and 15.5 mA·cm-2) (Figure 7.3E). Additionally, the higher onset potential and E 1/2 values in
the ECSA normalized LSVs together with the higher mass activity and specific activity display
the superior intrinsic catalytic activity of the BCN/ZrO 2 nanocatalyst (Figure 7.20-7.22). Bearing
in mind that the electrochemical interfaces of the ZrO 2 -based carbon heterostructures provide the
most active ORR catalytic centers, it is reasonable to think that the larger intrinsic catalytic activity
of the BCN/ZrO 2 is owed to the highly favored interfacial charge density redistribution. It creates
ultra-active catalytic spots with locally concentrated charged density, which influence the
adsorption energies of the intermediate catalytic species, thus boosting the overall ORR
electrochemical performance. In addition, the BCN/ZrO 2 catalysts showed excellent
electrochemical long-term stability properties in alkaline media, keeping 96% of the initial current
applied after 24 h and beating the stability of Pt/C under the same experimental conditions (Figure
7.3F).
7.3.4 Overall water splitting performance of BCN/ZrO2 electrocatalyst
Finally, the BCN/ZrO 2 catalysts was used in the water electrolyzer and zinc-air battery
devices to investigate their practical applicability and the results showed impressive performances
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compared to the benchmark Pt/C and RuO 2 (Figure 7.3G-I and Figure 7.23-25). As both the HER
and OER processes take place together in the water splitting device, we have investigated the HER
performance of the best BCN/ZrO 2 electrocatalyst at first and the results are presented in Figure
7.23. Interestingly, the BCN/ZrO 2 delivered an excellent η 10 of 165 mV, demonstrating that the
BCN/ZrO 2 nanohybrid could be potentially used in the water splitting device. Taking into
consideration the remarkable performance of the BCN/ZrO 2 electrocatalyst for HER and OER
processes, we have constructed a two-electrode configuration water splitting device in 1 M KOH
electrolyte solution, where the BCN/ZrO 2 catalyst deposited on carbon cloth was used as cathode
and anode at the same time and Pt/C||RuO 2 was also used as the control. As seen in Figure 7.3G,
the BCN/ZrO 2 || BCN/ZrO 2 needs only a cell potential of 1.58 V to reach a current density of 10
mA/cm2, which is even better than the benchmark Pt/C||RuO 2 (1.61 V) in the similar experimental
conditions. Besides, the durability of the BCN/ZrO 2 catalyst was also tested by
chronoamperometric measurements at 1.58 V (Figure 7.24), where the current densities nearly
remain stable for the BCN/ZrO 2 catalyst during the experimental period (i.e. 50 h), revealing its
outstanding stability.
7.3.5 Zinc-air battery performance of BCN/ZrO2 electrocatalyst
Furthermore, inspired by the remarkable performance in both OER and ORR conditions,
the BCN/ZrO 2 electrocatalyst was also used as the air cathode to construct a Zn-air battery device.
The Zn-air battery device was fabricated with a zinc plate as the anode, 6.0 M KOH containing
0.2 M of Zn (CH 3 COO) 2 solution as the electrolyte and the electrocatalyst deposited on the carbon
cloth as the air cathode. Initially, to evaluate the overall OER/ORR bifunctional activity of
BCN/ZrO 2 catalyst, we compared the overvoltage between the OER and ORR (ΔE = η 10 − E 1/2 ),
where η 10 is the OER overpotential at a current density of 10 mA/cm2 and E 1/2 is the ORR half-
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wave potential. The ΔE value of 0.72 V in 0.1 M KOH reflect the excellent bifunctional activity,
which is comparable with recently reported bifunctional electrocatalysts (Figure 7.3H),
demonstrating its potential application in the Zn-air battery. In this direction, the calculated power
density values were found to be 153 and 129 mW/cm2 for the BCN/ZrO 2 and Pt/C electrocatalysts,
confirming its superior performance than Pt/C for the Zr-air battery applications in the same
experimental conditions (Figure 7.3I). Then the battery was operated for 100 h at a current density
of 10 mA/cm2 to investigate the stability performance of the BCN/ZrO 2 air cathode and the
BCN/ZrO 2 battery exhibited a much smaller voltage decrease over the 100 h operation period
(Figure 7.25), demonstrating the applicability of BCN/ZrO 2 electrodes in Zn–air batteries.
7.3.6 Experimental and theoretical insights towards OER and ORR mechanism
To disentangle the extraordinary bifunctional electrocatalytic performance of BCN/ZrO 2 ,
we have interrogated the electronic states of the nanohybrids by XPS. Figure 7.4A shows a notable
shift to higher binding energies (BE) of Zr 3d band for the nanoheterostructures that follow the
trend BCN/ZrO 2 >CN/ZrO 2 >BC/ZrO 2 >C/ZrO 2 , indicating that BCN/ZrO 2 interfaces exhibit the
lowest screening of electrons in the outer electronic layer of Zr interfacial atoms.42 Interestingly,
the positive shifts in the BE of the catalysts correspond to their bifunctional catalytic performances.
Nonetheless, the sp2 C=C (at ≈ 284.7 eV) XPS bands of all the catalysts maintained the
same BE value, demonstrating that the electronic structures of the 2D-platforms (C, BC, NC and
BCN) remained unchanged (Figure 7.4B).42 These findings strongly suggest two crucial points: (i)
the electrons of Zr interfacial atoms were not transferred to the 2D platforms, rather they were
displaced to the interface and (ii) the larger deviation of Zr outer electrons was produced in the
BCN/ZrO 2 interface. As shown, the acute electrostatic interactions of the ZrO 2 NPs with the
positively charged B and negatively charged N atoms of the BCN network have enabled the
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polarization of the outer electrons of Zr interfacial atoms, thus giving rise to a superior electronic
polarization at the interface (Figure 7.4C).Therefore, the positively charged Zr atoms would favor
the adsorption of OH- catalytic species, thus benefiting the OER; while the polarized electronic
cloud would be favorable for ORR,42 which might notably decrease the uphill energy states of the
intermediate catalytic species, thus providing ultra-active catalytic sites for

bifunctional

OER/ORR electrocatalysis. To support this explanation and gain theoretical insights into the
enhanced bifunctional catalytic activity of BCN/ZrO 2 , DFT calculations were carried out (Figure
7.5A-D). We calculated the OER and ORR free-energy diagrams for the nanohybrids, following

the widely accepted 4-electron pathway in alkaline conditions at both top and interfacial sites.43, 44
It is worth noting that BCN/ZrO 2 shows more favorable energetic barriers among all the
nanoheterostructures. Specifically, the ΔG values for OER/ORR rate-limiting steps show a notable
improvement at interfacial catalytic sites compared to the top ones, thus demonstrating the key
influence of the interfacial charge polarization on the electrocatalytic activity.
A notable change in the ΔG value of the rate-limiting catalytic steps from the top site to
the interfacial site of the BCN/ZrO 2 was observed. The ΔG was reduced from 0.92 to 0.72 eV,
demonstrating the key role of the synergistic couple effect of B and N on the electronic polarization
of the interfacial Zr atoms to give rise to highly active OER catalytic centers as shown in Figure
7.5 (A-B).
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B)

Figure 7.4: A-B) Zr 3d and C 1s high resolution XPS spectra of the as-prepared nanohybrids. C)
Schematic representation of the electronic polarization interface for the BCN/ZrO2
nanomaterial and the plausible reaction mechanism [Color code: C: brown, B: green
and N: sliver].

Furthermore, a similar behavior was detected for both the top and interfacial ORR catalytic
sites. The ΔG values of the rate-determining steps of top and interfacial sites decreased from 0.90
to 0.71 V as seen in Figure 7.5 (C-D). These findings provide valuable insights into the key
function of the interfacial charge polarization to control the binding strength of the reaction
intermediates, thus improving the catalytic activity for both OER and ORR processes.
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Figure 7.5: Free-energy diagrams for the optimized as-synthesized electrocatalysts under alkaline
conditions during the (A-B) OER and (C-D) ORR processes at both top and
interfacial sites, respectively.
7.4 CONCLUSION
In summary, an innovative bottom-up strategy using a Zr-MOF has been successfully
developed to synthesize a new family of vdW 0D-2D heterostructures formed by ZrO 2 NPs
anchored on B and/or N doped LD carbon nanoplatforms. We have introduced a new electron
polarization approach to regulate the interfacial microenvironment of 0D-2D metal
oxide/heteroatoms-doped

LD

carbon

materials

for

highly

efficient

multifunctional

electrocatalysis. The synergistic couple effect of B and N led to a notable charge redistribution at
the 0D-2D interfaces, which can greatly boost the adsorption-desorption catalytic steps of the
oxygenated intermediates and, in turn, the bifunctional OER/ORR activity. It is worth noting that
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this work represents the first example of a non-covalent assembly of B, N co-doped carbon network
and TMO NPs as very efficient bifunctional electrocatalysts.

7.5 SUPPORTING INFORMATION

A)

B)

Figure 7.6: A-B) XPS survey spectra of Zr-MOF and BCN/ZrO2 nanohybrid, respectively.
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Figure 7.7: High resolution XPS O1s band for the BCN/ZrO2 nanohybrid.
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Figure 7.8: Typical TEM image of A) ZrO2 NPs and B) STEM image of BC/ZrO2 nanohybrid. The
obtained TEM image of ZrO2 NPs revealed that the NPs are not embedded on any
kind of carbon matrix, whereas, the STEM image of BC/ZrO2 revealed that the ZrO2
NPs are embedded on the porous carbon matrix.

Figure 7.9: High-angle annular dark field (HAADF)-STEM image and elemental mapping of UiO66 MOF, showing the presence of C, O and Zr as well as they are evenly distributed.
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Figure 7.10: High-angle annular dark field (HAADF)-STEM image and elemental mapping of
C/ZrO2 nanohybrid, showing the presence of C, O and Zr and also, all the elements
are well distributed in the carbon matrix.

Figure 7.11: High-angle annular dark field (HAADF)-STEM image and elemental mapping of
BC/ZrO2 nanohybrid, showing the presence of B, C, O and Zr and all the elements
are evenly distributed throughout the nanoplatform.
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.
Figure 7.12: High-angle annular dark field (HAADF)-STEM image and elemental mapping of
CN/ZrO2 nanohybrid, showing the presence of C, N, O and Zr as well as they are well
distributed throughout the carbon matrix.

Figure 7.13: EDS-scan line profile of the marked area (inset) of UiO-66 MOF crystal, revealing
the presence of C, O and Zr elements.
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Figure 7.14: EDS-scan line profile of the marked area (inset) of BCN/ZrO2 nanohybrid, revealing
the presence of B, C, N, O and Zr elements.
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Figure 7.15: A-G) Cyclic voltammograms of UiO-66 MOF, BCN nanosheet, ZrO2 NPs, C/ZrO2,
BC/ZrO2, CN/ZrO2 and BCN/ZrO2 nanohybrids in the region of 1.10-1.30 V vs RHE,
respectively.
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Figure 7.16: Mass activity values from the OER LSV curves of C/ZrO2, BC/ZrO2, CN/ZrO2 and
BCN/ZrO2 nanohybrids at 1.60 V in 0.1 KOH solution.
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Figure 7.17: Specific activity values from the OER LSV curves of C/ZrO2, BC/ZrO2, CN/ZrO2
and BCN/ZrO2 nanohybrids at 1.60 V in 0.1 KOH solution.
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Figure 7.18: Tafel plots of the as-synthesized electrocatalysts for the ORR process.
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Figure 7.19: RDE-LSV ORR polarization curves of A) C/ZrO2, C) BC/ZrO2 and E) CN/ZrO2
heterostructures and B), D) and F) their corresponding K-L plots at 0.5 V vs RHE,
respectively.
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Figure 7.20: ECSA-normalized ORR LSV curves for C/ZrO2, BC/ZrO2, CN/ZrO2 and BCN/ZrO2
nanohybrids at 1600 rpm. The normalized ORR LSV curves display the superior
intrinsic catalytic performance of the BCN/ZrO2 heterostructure, which still
exhibiting the highest onset potential.
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Figure 7.21: Mass activity values from the ORR LSV curves of C/ZrO2, BC/ZrO2, CN/ZrO2 and
BCN/ZrO2 nanohybrids at 0.75 V vs RHE.
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Figure 7.22: Specific activity values from the ORR LSV curves of C/ZrO2, BC/ZrO2, CN/ZrO2
and BCN/ZrO2 nanohybrids at 0.75 V vs RHE.

0
j (mA/cm2)

-20
-40
-60
-80

-100
-0.4 -0.3 -0.2 -0.1
E (V vs RHE)

0.0

Figure 7.23: HER performance of the BCN/ZrO2 nanohybrid in 0.5M H2SO4 electrolyte solution.
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Figure 7.24: Chronoamperometric measurements of BCN/ZrO2 nanohybrid for water electrolysis
at 1.58 V for 50 h. The I-t plots display the excellent long-term stability properties of
BCN/ZrO2 catalyst for a water splitting device.
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Figure 7.25: Discharge curve at a current density of 10 mA·cm-2 using BCN/ZrO2 nanohybrid as
an air cathode for the Zinc-air battery, demonstrating good stability performance over
a 100 h operating period.
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Chapter 8: Conclusions and Future Directions
A facile and novel synthetic method for making functionalized carbon materials through
waste biomass conversion was developed in this study. The functionalized carbon material (SCWSO 3 H was synthesized through introducing sulfonic acid polar functionalities over the polymeric
biomass (cellulose and lignin) of the spent coffee waste. They were successfully used as low-cost
adsorbents for removing different organic (methylene blue and tetracycline) and inorganic
pollutants (chromium) from water. The exceptionally higher sorption capacity of these
functionalized carbon materials for the three pollutants makes it a good candidate for commercial
wastewater treatment applications. SCW-SO 3 H could be also used to remove other pollutants such
as methyl orange, arsenic, cadmium, lead, mercury, etc. This developed biomass conversion
method can be extended to functionalize any kind of waste biomass source, which then could be
potentially used for removing different water contaminants. This developed method not only
makes the highly efficient adsorbent materials for wastewater treatment, but also it can clean the
environment at the same time while utilizing the waste biomass from the environment.
A facile and green synthetic methodology was developed to prepare nickel and copperbased metal organic frameworks (MOFs) and finally utilized them as a sacrificial template to make
nickel and copper nanoparticles embedded on porous carbon matrix via carbonization method.
These carbon-based metal nanoparticles were used as a catalyst for the catalytic reduction of
organic pollutants such as methylene blue, methyl orange and 4-nitrophenol in presence of sodium
borohydride. These developed carbon-based nanoparticles could be further used for the catalytic
reduction of heavy metal ions such as chromium, arsenic etc. Also, the proposed synthetic method
here could also be used to other MOFs such as Zn-MOF, Zr-MOF, Mn-MOF, Cr-MOF, Ti-MOF
etc. and subsequently, the corresponding metal nanoparticles on carbon matrix via carbonization

234

method. These newly proposed materials could be used as Fenton catalyst, photocatalyst and
electrocatalysts for different reactions.
A low cost, facile and green method was developed based on the tissue paper template for
making transition metal based nanocatalysts that were encapsulated on hierarchically porous
carbon network. These nanocatalysts were used as a Fenton like catalyst for the advanced oxidation
water treatment process to remove different organic pollutants via peroxymonosulfate activation.
Catalytic studies revealed that the newly developed nanocatalysts could be potentially used for
practical water treatment technologies in the resource limited areas. These nanocatalysts
(Co/Ni/Fe) were also magnetic in nature and could be potentially used in the magnetic
hyperthermia cancer treatment. Finally, this developed synthetic method reported in this
dissertation can be extended to make a broad range of mono or bimetallic nanoparticles, metal
oxide nanoparticles, mixed metal oxide nanoparticles etc. and these nanoparticles could be
employed in different catalytic reactions.
The development of a sustainable and cost-effective route to synthesize trifunctional
bimetallic Ni-Cu nanocatalysts was effectively achieved. The connection between the
microstructural properties and the ORR, HER and OER multifunctional activity of bimetallic nonprecious nanoparticles with different Ni:Cu surface ratios was also comprehensibly explored.
These findings open the pathway to explore the d-band center variations in the local structural
microdefects of bimetallic surface nanodomains as a new catalytic descriptor for multifunctional
electrocatalysis. This work also establishes the basis for the rational design of the new generation
of low-cost and scalable multifunctional bimetallic catalysts.
A new class of 0D-2D van der Waals (vdW) heterostructure catalyst formed by the
supramolecular interaction of C 60 molecules and BCN nanosheets was successfully developed.
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The distribution pattern of different amounts of fullerene molecules at the top of 2D-BCN
nanosheets was experimentally and theoretically associated with both the interfacial structural
defects and the efficiency of the intermolecular electron transfer (ET) function of BCN/C 60
interfaces, which strongly regulate the catalytic rates for hydrogen and oxygen electrochemistry.
The unique synergistic arrangement of C 60 and BCN into the hybrid nanostructure at the metalfree 10% F/ BCN material boosts the interfacial ET and creates multifunctional active sites,
establishing a new chapter in the development of metal-free nanohybrids for multifunctional
catalysis. These results provide an in-depth understanding about the relationship between lowdimensional nanostructures and their catalytic activities.
For the first time, we use a new electron polarization strategy to regulate the interfacial
microenvironment of 0D-2D vdW TMO NPs/heteroatoms-doped low-dimensional carbon
materials for efficient bifunctional electrocatalysis. It was discovered that the synergistic couple
effect of B and N led to a notable charge redistribution at the 0D-2D interfaces, which can greatly
boost the adsorption-desorption catalytic steps of the oxygenated intermediates and, in turn, the
OER/ORR catalytic activity. Briefly, the proposed route will serve as a useful tool for the
fabrication of TMO-based heterostructures with better catalytic properties.
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Appendix
Characterization Techniques
X-ray diffraction (XRD) experiments were performed on a Bruker D8 Discover X-ray
Diffractometer. The elemental analysis and color mapping were performed using Energy
dispersive spectroscopy (EDS) equipped with the SEM instrument (model: Hitachi S-4800).
Transmission electron microscopic (TEM) analysis was carried out on a Hitachi H-7650
microscope to further investigate the morphology and microstructure of the electrocatalysts.
Scanning transmission electron microscopic (STEM) analysis was performed on a JEOL ARM200
equipped with a JEOL windowless EDS detector spectrometer for spectral mapping and imaging.
The chemical valence and surface elements of the electrocatalysts were detected using X-ray
photoelectron spectroscopy (XPS) on a a PHI VersaProbe II Scanning XPS Microprobe with
scanning monochromatic X-ray Al Kα radiation as the excitation source (200 μm area analyzed,
52.8 W, 15 kV, 1486.6 eV), and a charge neutralizer. Thermal gravimetric analysis (TGA) was
performed under a continuous nitrogen flow and at a heating rate of 10 °C/min on a Mettler Toledo
thermogravimetric apparatus. Raman spectra of the electrocatalysts were collected using a DXR
Smart Raman instrument. Brunauer−Emmett−Teller surface area (BET) and pore volume
experiments were carried out using a Micromeritics Surface Area and Porosity Analyzer (ASAP2020). The magnetic properties of the nanocatalyst at room temperature were measured by means
of Versalab. Vibrating sample magnetometer (VSM) from Quan-tum Design in the magnetic field
range of−3 T to 3 T. A UV-Vis spectrophotometer (Model: Agilent Cary 50 Conc) was used to
measure the absorbance of the pollutant solution as well as to study the kinetics of the catalytic
reduction reaction.
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